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PREFACE 


The  Flight  Mechanics  Panel  of  AGARD  held  a  previous  symposium  on  Flight  Test 
Techniques  in  October  1976.  It  closed  with  the  feeling  that  certain  areas  would  benefit 
from  further  coverage;  in  particular  that  a  survey  of  the  development  and  proving  of 
aircraft  sub-systems,  together  with  associated  environmental  testing  and  instrumentation 
facilities,  was  highly  desirable.  Thus  the  present  symposium  was  conceived:  it  was  to 
provide  detailed  information  on  these  topics  for  both  the  flight  test  engineer  and  the  Might 
test  instrumentation  engineer,  and  to  encourage  an  exchange  between  the  two. 

With  the  range  and  complexity  of  modem  aircraft  systems  the  Meld  was  too  broad  to 
cover  in  its  entirety.  The  programme  was  therefore  directed  at  presenting  a  representative 
selection  of  the  diverse  problems  facing  today's  test  engineer,  and  illustrating  more  generally 
through  these  the  variety  of  techniques  which  are  used  to  deal  with  them.  The  symposium 
was  organised  around  four  broad  subject  areas  - 

-  Navigation/Attack  Systems  Testing 

-  Aircraft  Systems  Testing 

-  Environmental  Testing 

-  Instrumentation  Techniques. 


J.F.O'GARA 

F.N.STOLIKER 

Members,  Flight  Mechanics  Panel 
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TACTICAL  NAVIGATION  SYSTEM  TESTING 
by 

DOUGLAS  M.  CARLSON 

US  Air  Force  Armament  Development  Test  Center/TEOF 
Eglin  AFB,  Florida  32542 
USA 

SUMMARY 

The  development  of  today's  sophisticated  and  accurate  navigation  and  weapon  delivery 
systems  has  made  the  job  of  the  tester  increasingly  difficult.  These  systems  are  being 
designed  to  accomplish  the  entire  spectrum  of  tasks  from  pure  navigation  to  target 
acquisition/identification  to  delivery  of  both  guided  and  unguided  munitions. 

Most  of  these  systems  are  software  intensive,  a  fact  which  is  altering  the  entire 
approach  to  development  and  testing.  The  need  for  thorough  simulation  and  integration 
efforts  is  apparent  in  almost  every  program  through  both  successes  and  failures. 

Three  systems,  the  AN/ARN-101  Digital  Modular  Avionics  System,  the  AN/AVQ-26  Pave 
Tack,  and  the  Stores  Management  System  have  all  undergone  development  on  the  F-4  and/or 
F-lll  at  Eglin  Air  Force  Base  and  are  excellent  examples  of  these  software  intensive 
systems.  Following  a  brief  description  of  these  systems  and  the  instrumentation  used,  a 
discussion  of  the  simulation  and  integration  efforts  in  these  programs  is  presented. 

The  differences  in  testing  these  systems  are  described  in  order  to  convince  the 
program  manager,  engineer,  or  tester  that  in  today's  world  of  compressed  schedules, 
decreased  budgets,  and  rising .costs ,  he  must  alter  the  more  traditional  approach  to 
testing. 

INTRODUCTION 

Two  of  the  most  complex  tactical  navigation  and  weapon  delivery  systems  to  be 
developed  by  the  U.  S.  Air  Force  are  in  the  final  stages  of  their  testing  at  Eglin  AFB. 
These  systems  are  the  AN/ARN-101  Digital  Modular  Avionics  System  for  the  F-4E  and  RF-4C, 
and  the  AN/AVQ-26  Pave  Tack  for  the  F-111F,  F-4E,  and  RF-4C.  Both  of  thes-  systems  have 
undergone  several  years  of  development  requiring  the  rather  extensive  facilities  at 
Eglin.  The  history  of  these  programs  along  with  that  of  the  Stores  Management  Systems 
(also  done  at  Eglin)  will  be  used  as  examples  in  a  discussion  of  tactical  navigation  and 
weapon  delivery  system  testing.  Emphasis  will  be  placed  upon  instrumentation  and  the 
need  for  simulation  and  integration  in  the  development  process.  In  today's  world  of 
compressed  schedules,  decreased  budgets,  and  rising  costs,  the  tester,  be  he  program 
manager  or  engineer,  must  understand  the  nature  of  these  software  intensive  systems  and 
the  requirement  for  a  testing  approach  which  is  unlike  anything  previously  used. 


SYSTEM  DESCRIPTION 


The  most  complex  avionics  system  test  recently  conducted  at  Eglin  AFB  is  the  AN/ 
ARN-101.  It  is  comprised  of  the  Inertial  Measurement  Unit  (IMU),  and  an  improved 
LORAN-C  system  that  interface  with  a  digital  control  computer.  It  replaces  the  present 
aircraft  navigation  computer,  the  inertial  navigation  set,  and  the  weapon  release  compu¬ 
ter  set.  In  some  ways,  the  ARN-101  is  a  follow-on  to  the  AN/ARN-92  LORAN  Set  which  was 
installed  in  the  F-4  during  the  latter  portion  of  the  Southeast  Asian  conflict.  It  is, 
however,  considerably  more  sophisticated  than  its  predecessor.  Through  a  series  of 
Kalman  filters,  the  system  integrates  aircraft  sensoTs  and  increases  the  accuracy  of  its 
basic  navigation  and  makes  it  less  than  susceptible  to  degraded  modes  of  operation. 

Although  the  integrated  navigation  feature  represents  a  significant  improvement 
over  the  present  F-4  navigation  system,  it  is  the  tie-in  with  other  aircraft  systems 
which  provides  the  greatest  advance  in  capabilities  and  presents  the  greatest  challenge 
to  the  tester. 

The  digital  ARN-101  must  interface  with  the  analog  F-4  and  existing  systems  such  as 
the  Lead  Computing  Optical  Sight,  Fire  Control  Radar,  Target  Identification  System 
Electro-Optical  (TISEO),  and  Low  Altitude  Bombing  Systems  (LABS).  The  ARN-101  also 
integrates  a  complement  of  weapons  to  include  the  LASER/Infrared  Maverick,  and  GBU-15 
Modular  Guided  Glide  Bomb.  The  development  task  has  been  even  further  complicated  by 
the  simultaneous  development  and  integration  of  the  AN/AVQ-26  Pave  Tack  which  will  be 
discussed  later. 

One  of  the  basic  concepts  behind  the  development  of  the  ARN-101  was  to  use  existing 
components  whenever  possible.  The  IMU,  foT  example,  is  the  same  one  that  is  used  in  the 
F-16. 


Figures  1-4  show  the  front  and  rear  cockpits  of  the  F-4E  and  the  extent  to  which 
they  have  been  modified  by  installation  of  the  AN/ARN-101.  In  the  front  cockpit,  the 
key  changes  are:  (a)  the  Flight  Director  Mode  Selector  Control  which  allows  the  pilot 
to  select  the  various  modes  of  navigation  (i.e.,  TACAN,  VOR/TACAN,  ARN-101),  (b)  the 
Auxiliary  Digital  Display  Indicator  which  provides  the  pilot  with  a  display  of  ARN-101 
parameters  selected  by  the  rotary  dial  on  the  panel,  (c)  the  Course  Select  panel  contain¬ 
ing  two  toggle  switches  which  select  course  data  and  provide  cueing  during  missions,  and 
a  rotary  switch  which  selects  the  weapon  parameters  from  computer  memory  and  provides  the 
information  to  the  aircraft  bombing  system. 


The  rear  cockpit  of  the  F-4  has  undergone  the  greater  number  of  changes  due  to  the 
ARN-101  installation.  The  key  modifications  include:  (a)  the  Keyer  Control  which  has 
three  rotary  switches  for  selection  of  steering  modes  and  navigational  coordinate  sys¬ 
tems,  as  well  as  a  means  for  data  entry  and  display,  (b)  the  Integrated  Hand  Control 
which  replaces  the  standard  F-4E  antenna  control  handle  and  also  provides  sensor  slewing 
and  slaving  signals,  and  discrete  signals  for  the  ARN- 101/sensor  interface,  (c)  the 
Navigation  Computer  Set  Control  which  provides  digital  modular  avionics  system  fDMAS) 
on-off  control  and  selection  of  navigational  operating  modes,  (d)  the  Target  Insertion 
Controller  which  is  used  with  the  integrated  hand  control  to  exchange  target  and  Initial 
Point  (IP)  coordinate  information  between  the  DMAS  and  the  aircraft  sensor,  (e)  the 
Sensor  Select  Panel  which  provides  centralized  switching  of  all  the  sensors  associated 
with  ARN-101  cueing,  (f)  the  Digital  Display  Indicator  which  is  the  primary  alphanumeric 
display  unit  that  presents  navigation  and  dynamic  parameters  such  as  altitude  and  air¬ 
speed.  In  addition  to  the  alphanumeric  display,  there  are  five  status  annunciator 
lights  which  give  indications  of  LORAN  lock-on  and  overall  DMAS  status,  and  (g)  the  Data 
Transfer  Module  receptacle  which  is  used  for  insertion  of  a  small  cassette  used  for 
loading  ground  programmed  missions  and  retrieving  post  mission  data. 

In  addition  to  controlling  internal  computer  computations,  the  Weapon  Systems  Offi¬ 
cer  (WSO)  can  program  up  to  a  combined  total  of  52  destinations,  targets,  and  avoidance 
areas.  The  software  program  also  allows  the  aircrew  to  designate  two  weapon  delivery 
programs  from  the  ballistics  stored  in  the  computer. 
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F-4E  AFT  COCKPIT  CONSOLE  WITH  AN/ARN- 101 
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F-4F.  AFT  COCKPIT  LFFT  HAM'  CONSOI.F  KITH  AN/ARN-101 


The  F-4H  ARN-101  Weapon  Delivery  modes  are  as  follows: 

a .  Blind 

b.  Dive -Toss 

c.  Continuously  Computed  Impact  Point 

d.  Guns 

e.  Rockets 

f.  Ai r- to  -  Ground  Missile 

g.  Integrated  AX/AJB-7  attitude  reference  and  bombing  computer 

In  the  RF-4C,  the  ARN-101  provides  the  standard  navigation  function  plus  the 
reconnaissance  functions  of: 

a.  Mosaic  Mapping 

b.  Route  Reconnaissance 

c.  Point  Reconnaissance 

The  reconnaissance  system  is  also  capable  of  weapon  release  computations  for  the  Path¬ 
finder  mission  where  the  RF-4C  leads  fighter  aircraft  to  the  target  and  weapons  release. 

In  both  the  navigation  and  weapon  delivery  modes,  the  system  can  cue  (slave)  sensors 
to  the  destination  or  offset  points  for  navigation  updates  or  as  secondary  targets.  The 
cueing  decision  tree  is  very  complex  which  makes  the  system  very  powerful,  but  also  makes 
operation  very  confusing. 

The  AN/AVQ-26  Pave  Tack  is  an  electro-optical  target  acquisition,  and  laser  designa¬ 
tor  system  which  is  carried  on  the  F-4F,  RF-  1C,  and  F-111F  aircraft.  The  basic  design 
objective  of  the  system  is  to  provide  an  increased  capability  for  weapons  delivery 
against  preplanned  targets  when  operating  at  high  speeds  and  low  altitudes,  both  during 
day  and  at  night. 

The  Pave  lack  System  consists  of  an  externally  mounted  pod,  cockpi t -mounted  controls 
and  displays,  and  necessary  support  equipment.  The  general  arrangement  of  the  Pave  Tack 
pod  is  shown  in  Figure  S.  It  is  divided  into  two  basic  sections:  (1)  a  Base  Section 
Assembly,  and  (2)  a  Head  Section  Assembly. 


The  Head  Section  contains  an  optical  bench  on  which  are  mounted  the  Forward  Looking 
Infrared  (FL1R),  laser  designator,  laser  range  receiver,  and  the  stabilized  sight.  The 
optical  bench  is  mounted  in  the  turret  structure  which  rotates  in  pitch  and  is  driven  by 
the  turret  servo-drive  motors. 

The  turret  is  mounted  in  the  head  structure  which  rotates  in  roll  with  respect  to 
the  Base  Section.  This  design  permits  complete  lower  hemispheric  coverage  of  the  line  of 
sight  with  respect  to  the  aircraft.  The  electronic  assemblies  required  to  operate  the 
Head  Section  and  to  interface  with  the  aircraft  are  located  in  the  Base  Section. 

The  Pave  Tack  pod  is  4.14  meters  in  length,  SO. 8  centimeters  in  diameter,  and  weighs 
S79  kilograms.  The  pod  is  carried  by  an  adapter  which  is  hand-mounted  to  the  pod.  On 
the  F-4,  the  adapter  is  mounted  to  the  standard  fuselage-mounted  bomb  rack.  On  the 
F-lll,  the  pod  fits  into  a  rotatable  cradle  in  the  weapons  bay. 

The  imaging  infrared  presentation  has  a  10  shades  -  of - gray  brightness  variation  with 
either  white  hot  or  black  hot  polarity  selectable  from  the  cockpit.  The  operator  also 
has  available  to  him  cockpit  selectable  wide  and  narrow  f ield-of- view  plus  a  double 
magnification . 

The  interface  with  aircraft  avionics  is  accomplished  by  an  internal  digital  computer 
and  signal  generator.  The  computer  is  a  16-bit  stored  program,  fixed-point  digital  com¬ 
puter,  with  a  memory  capacity  of  16K  words  with  growth  potential  to  40K  words.  The 
signal  generator  processes  the  Infrared  Detecting  Set  video  output  to  add  alphanumeric 
annotation.  The  alphanumerics  include  three  rows  of  character  displays  at  the  top  of  the 
display,  a  pcd  head  pointing  reference,  and  a  time-to-go  index  for  weapon  release  to 
impact.  The  three  rows  at  the  top  of  the  display  show  system  and/or  target  status. 

The  Base  Section  contains  provision  for  a  video  tape  recorder  for  the  FLIR  output. 
This  recorder  was  used  during  the  initial  portion  of  the  flight  test  but  was  replaced  by 
a  video  transmitter  for  telemetering  video  to  a  ground  station  during  the  latter  portions 
of  the  testing. 

The  rear  cockpit  of  the  F-4  and  the  right  side  of  the  F-111F  cockpit  are  modified 
for  the  Pave  Tack  system  displays  and  controls.  The  cathode  ray  tube  display  is  enhanced 
by  the  use  of  a  lens  system  which  provides  an  approximately  double  magnification  to  the 
tube  image.  Line-of - s ight  control  is  accomplished  by  use  of  a  modified  hand  control  with 
a  two-axis  pressure  sensitive  thumb  tracker.  In  the  F-4,  this  is  the  same  hand  control¬ 
ler  as  described  earlier.  I 
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Figure  5.  Pave  Tack  Assembly 


Pave  Tack  has  two  basic  operating  modes:  search  and  track.  The  search  modes  are 
intended  for  use  in  target  location  and  are  controlled  by  the  tracking  handle  movement. 
Forward,  Right,  and  Left  Acquire  are  intended  for  use  in  acquiring  targets  of  opportunity 
that  are  visually  located  by  the  aircrew.  Snowplow  will  cause  the  sightline  to  be  sta¬ 
bilized  in  space  for  use  in  searching  roads  or  other  topographical  features  along  which 
the  aircraft  may  be  flown.  Terrain  Monitor  will  provide  a  view  of  the  terrain  directly 
ahead  of  the  aircraft  flight  vector  to  aid  in  terrain  avoidance  during  low  level  flight. 
Cue  points  the  sightline  at  a  ground  aimpoint  designated  by  the  aircraft  avionics  system. 

The  track  modes  are  used  to  accurately  track  the  groundpoint  after  acquisition  in 
one  of  the  search  modes.  In  Manual  Track,  the  operator  manually  controls  the  sightline 
with  the  thumb  tracker  to  keep  the  target  centered  in  the  video  display.  He  is  assisted 
in  the  tracking  task  by  rate  aiding  signals  generated  by  the  Pave  Tack  computer  which 
improve  in  accuracy  as  tracking  continues.  Memory  track  can  be  commanded  or  is  auto¬ 
matically  engaged  when  aircraft  maneuvers  result  in  sightline  masking  by  the  aircraft 
fuselage  or  stores.  When  the  sightline  masking  no  longer  exists,  the  sightline  will  be 
pointed  at  the  target  location  and  manual  tracking  can  be  reinitiated.  Once  the  target 
is  being  tracked,  the  operator  can  use  the  laser  range  f indcr/target  designator  to  desig¬ 
nate  for  laser  guided  munitions  and  as  a  highly  accurate  source  of  ranging  for  both 
guided  and  unguided  munitions.  The  Pave  lack  can  also  be  used  for  position  updating  and 
for  damage  assessment  although  this  latter  capability  will  probably  not  be  used  t>  ach. 

Although  not  yet  a  part  of  the  production  version  of  Pave  lack,  testing  is  being 
conducted  on  a  Visually  Augmented  Tracking  System  tVAl’SI  which  gives  Pave  lack  the  capa¬ 
bility  to  actually  lock  onto  an  infrared  source,  allowing  the  operator  to  divert  some  of 
his  attention  to  other  tasks  during  the  target  run. 

The  Stores  Management  System  i wMSl  was  a  prototype  of  a  digital 'mult i -plexcd,  air¬ 
borne  monitor  and  control  system  tor  managing  the  carriage  and  delivery  of  i:i\raff 
stores.  It  was  specifically  developed  to  meet  the  following  requirements:  1  liable 
changes  in  the  stores  list  for  an  aircraft  without  minor  modi  fi vat  ions  of  the  exist  Wig 
aircraft  systems;  reduce  the  need  for  hardwires  from  the  cockpit  •-witches  :o  the  stores 
stations;  provide  serial  digital  data  to  certain  modern  weapons;  reduce  the  <  i  r  e ,  weight , 
volume,  and  power  requirements  of  the  system;  provide  self- testing  arid  tan! t  i so  1  a t i or  :u 
the  ground  and  in  tile  air;  consolidate  the  pilot  controls  into  a  small  lumber  of  switvhv- 
and  a  display  panel;  provide  the  pilot  with  the  ability  to  preplan  and  program  weapon 
delivery  or  jettison  sequences;  and  provide  t ho  pilot  with  visibility  into  his  current 
weapon  inventory.  The  F-4  was  used  as  the  testbed,  although  a  similar  system  could.  >-c 
used  on  almost  any  weapon  carrying  aircraft.  This  system  was  designed,  built  and  tested 
almost  entirely  within  the  Armament  division  at  Iglin.  It  interf.Kod  wit!;  the  following 
principal  F-4F.  aircraft  subsystems:  Central  air  data  computer,  inertial  navigation  -vs 
tem,  weapons  release  computer  set,  and  the  attitude  reference  bombing  computer  system. 

The  SMS  was  a  R01.M  1606  Nova,  general  purpose,  digital  m i n l -comput or  with  elk. 

16-hit  words  of  memory.  The  SMS  was  composed  of  four  basic  parts:  Main  logic  unit 
(MLU1  ,  multiplex  bus,  station  logic  unit  (SUM,  and  a  pilot’1'  control  panel  IV!'  . 

file  Midi  processed  inputs  from  the  pilot,  store  stations,  and  other  aircraft  avionics 
systems  via  the  multiplex  bus;  and  outputted  the  required  information  to  the  I’Ci’,  the 
store  station,  and  the  aircraft  weapon  system  via  the  bus.  Figure  6  i <  a  pictorial  re 
presentation  of  the  F-4F/SMS  interface. 

The  multiplex  bus  was  a  shielded  pair  of  wires  which  provided  the  common  cor-iunica- 
tion  media  for  the  various  components  of  the  SMS.  It  included  the  multiplex  data  bus 
controller  l  Mill'  >  in  the  Midi,  and  the  dual  transmission  lines.  bach  remote  terminal  IKIi 
on  the  bus  had  two  sets  of  transmitters,  receivers,  sync-coding  circuitry,  and  RT  address 
decoding  logic.  The  K1 s  listened  on  both  busses.  When  a  valid  command  synch  and  IM 
address  was  detected,  tiie  RT  locked  onto  that  bus  until  the  message  was  complete  or  a 
maximum  time  had  elapsed.  This  allowed  the  bus  controller  to  transmit  on  either  bus  in 
any  sequence. 

An  Sill  was  located  in  each  of  the  four  weapons  pylons.  The  function  of  the  sgp  w.is 
two-fold.  At  each  station  or  pylon,  the  SI. II  monitored  the  status  of  all  suspended  wea¬ 
pons.  !  ach  SI. II  also  decoded  all  messages  coming  to  it  and  generated  the  appropriate 
signal  or  electrical  power  to  the  store  or  back  to  the  Midi.  Hie  Sill  could  control  all 
stores  in  the  I  -  11  flight  manual.  In  addition,  each  was  designed  to  control  future 
digital  weapons  and  fuzes. 

The  1’CP  was  the  interface  between  the  system  and  the  pilot.  This  scope  had  a  pro 
grammablc  alphanumeric  display  which  allowed  the  pilot  to  program  various  release  sequence 
options  and  call  them  up  at  a  later  time  for  store  release  or  launch  including  jettison. 

It  also  informed  the  pilot  of  possible  hazardous  conditions  if  he  tried  to  release  stores 
in  an  unsafe  manner. 


INSTRUMi M AllOS 

The  testing  of  systems  as  complex  ns  those  just  described  required  a  large  number  of 
data  sources.  The  AN/ARN-101  is  an  example  which  will  be  used  to  examine  the  problem. 

Internal  to  the  AN/ARN-101  itself  is  the  capability  to  stoic  a  number  of  aircraft 
parameters  automatically  at  weapons  release  or  selectively  at  any  other  time  during  the 
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mission.  The  memory  in  the  system  computers  also  has  extra  space  which  is  used  for  test 
related  instructions  and  data  while  having  little  impact  on  the  operational  flight  pro¬ 
gram.  Additionally,  the  aircraft  alway  carried  an  Eglin  designed  instrumentation  pod. 
Figure  7  is  a  block  diagram  of  the  pod. 

Digital  data  from  the  ARN-101  is  buffered  and  formatted  in  the  pod  by  the  Digital 
Data  Interface  Unit  (DDIU) .  In  addition  to  the  data  from  the  ARN-101,  the  DDIU  also 
receives  inputs  from  the  specially  instrumented  weapon  carriage/ejection  racks,  and  from 
a  discrete  bomb  release  signal  which  identifies  when  the  pilot  actually  commanded 
release.  These  instrumented  racks  were  necessary  because  the  delay  encountered  from 
ARN-101  weapon  release  signal  to  actual  weapon  release  turned  out  to  be  significant  in 
final  impact  point  determination. 

The  time  code  generator  is  a  standard  piece  of  instrumentation  in  virtually  all  of 
the  testing  done  at  Eglin.  Without  this  capacity,  the  merging  of  data  would  be 
impossible. 

Outputs  from  the  DDIU  are  sent  to  an  onboard  14  channel  magnetic  tape  recorder  and 
are  also  telemetered  to  a  ground  station  for  real  time  monitoring  and  control. 

The  data  are  transmitted  from  the  ARN-101  to  the  instrumentation  pod  in  frames  of 
sixteen  16-bit  words  at  a  1  megabit  rate.  These  frames  of  data  are  transmitted  at  an 
average  rate  of  20  frames  per  second,  although  there  is  not  always  50  msec  between 
frames . 

Output  from  the  DDIU  to  the  recorder  is  in  frames  of  1000  bits.  The  data  within 
each  frame  is  arranged  in  22  16-bit  words  numbered  0  to  21  for  a  total  of  352  bits  of 
data. 


The  instrumentation  pod  for  the  ARN-101  project  is  fairly  typical  of  those  used  for 
airborne  data  gathering.  Obviously,  the  pod  gives  the  instrumentation  engineer  more 
space  to  work  with  than  a  system  within  the  aircraft  itself. 

The  data  recorded  in  the  instrumentation  pod  or  telemetered  to  the  ground  station  is 

processed  by  the  Math  Lab  located  at  Eglin.  Tne  Math  Lab  also  receives  data  provided 
from  the  Time  Space  Positioning  Indicator  (TSPI)  Radar,  cinetheodol i te  tracking  cameras, 
laser  scoring  in  the  case  of  Pave  Tack,  and  actual  weapons  scores.  The  Math  Lab  performs 

the  data  merging.  Figure  8  shows  the  basic  flow  of  information  into  the  Math  Lab.  The 

PDP  15  is  used  as  an  input  compiler  and  does  not  actually  process  any  of  the  telemetered 
data.  One  of  the  CDC  6600  or  Cyber  176  computers  is  used  for  the  actual  data  merging  and 
reduction.  Using  all  of  this  input  data,  software  programs  have  been  written  which  out¬ 
put  a  time  correlated  picture  of  the  AN/ARN-101  sensor  pointing  angles,  the  resultant 
weapon  trajectories,  and,  of  course,  impact  points. 

The  Pave  Tack  and  SMS  programs  made  use  of  very  similar  instrumentation  systems.  As 
mentioned  earlier,  the  Pave  Tack  pod  has  the  capability  of  on-board  recording  or  data 
telemetry.  The  SMS  aircraft  had  a  time  code  generator,  an  Eglin  designed  pod  which  re¬ 
corded  a  cockpit  video  signal  and  telemetered  it  to  the  ground,  and  the  same  14  channel 
magnetic  tape  recorder  as  in  the  ARN-101  instrumentation  pod.  The  cockpit  video  was  ob¬ 
tained  by  an  over  the  shoulder  in-cockpit  camera  located  on  the  left  canopy  rail  in  the 
front  cockpit.  The  14  channel  recorder  was  used  to  record  the  information  traffic  on  the 
multiplex  data  bus,  the  time  code  generator  information,  and  the  intercommunications 
between  the  pilot  and  WSO. 

Again,  as  in  the  ARN-101  system,  the  SMS  testers  made  extensive  use  of  the  Eglin 
Math  Lab.  The  SMS  test  pilots  also  provided  the  test  engineer  with  a  detailed  written 
flight  test  report  after  the  completion  of  each  mission.  This  type  of  report  is  neces¬ 
sary  in  any  test  where  aircrew  interface  is  great  as  in  any  of  the  tests  discussed  in 
this  paper. 

It  may  be  fairly  obvious  that  the  ARN-101,  Pave  Tack,  and  SMS  tests  had  the  benefit 
of  modern  equipment,  but  a  brief  summary  of  the  Eglin  facilities  actually  used  is 
interesting. 

The  heart  of  F.glin's  mission  control  is  its  Centralized  Control  Facility  (CCF)  which 
is  a  real-time  mission  control  and  analysis  computer  center.  The  multi-purpose  computers 
which  support  the  CCF  have  access  of  most  range  resources  (radars,  telemetry,  and  air¬ 
borne  units).  Through  specialized  computer  hardware/software  configurations,  mission 
data  is  processed  to  provide  real-time  test  analysis  and  control  information.  The  CCF 
computers,  which  include  a  CDC  6600,  Cyber  176,  IBM  360,  and  PDP  IS,  may  be  used  as 
stand-alone  batch  processors  or  as  mul ti - interfaced ,  real-time  computers. 

The  two  mission  analysis  and  control  areas  contain  two  real-time  analysis  and 
either  two  or  four  real-time  control  stations  equipped  with  state-of-the-art  graphic 
display  system  and  communications  panels. 

The  use  of  telemetry  in  conjunction  with  the  CCF  has  proven  to  be  extremely  useful. 
Data  and  functional  readouts  are  available  down  to  the  level  of  switch  positions  and  com¬ 
puter  modes.  With  a  test  engineer  present  in  the  CCF,  it  is  possible  to  monitor  a  flight 
and  make  changes  as  circumstances  dictate.  Many  a  mission  has  been  "saved”  because  pro¬ 
per  test  design  allowed  the  ground-hased  expert  who  has  spotted  a  siwtchology  error  or 
suggested  a  successful  fix  when  equipment  malfunctioned. 


To  support  missions,  Eglin  also  has  available  eight  FPS-16  precision  tracking  radars 
capable  of  covering  the  entire  724  square  miles  of  land  range  and  numerous  cinetheodolite 
cameras  located  on  six  land  ranges. 

INTEGRATION  AND  SIMULATION 

The  complexity  of  the  ARN-101,  Pave  Tack,  and  SMS  is  obvious.  These  are  all  soft¬ 
ware  intensive  systems  which  are  using  modern  digital  computers  and  techniques  to  accom¬ 
plish  their  design  goals.  The  basic  techniques  used  within  the  systems  themselves  do 
not  differ  appreciably;  however,  the  manner  in  which  they  were  developed  and  integrated 
onto  the  F-4  and/or  F-lll  is  quite  different.  As  digital  systems  become  commonplace,  the 
problems  of  system  integration  and  simulation  increase  in  importance.  This  is  not  always 
an  easy  lesson  for  a  tester  or  program  manager  to  learn,  because  initial  costs  are  often 
large  and  the  methods  are  not  a  natural  growth  of  what  was  done  in  the  past. 

The  AN/ARN-101  program  was  one  of  the  first  to  attempt  this  difficult  integration 
task.  Many  of  the  problems  encountered  were  not  anticipated  and  the  general  practices 
which  software  designers  use  today  had  not  yet  evolved.  As  a  result,  the  program 
suffered  many  development  problems  and  delays.  The  F-lll  Pave  Tack  and  SMS  programs 
occurred  later  than  the  AN/ARN-101  program.  The  managers  and  testers  had  the  benefit  of 
learning  from  their  predecessors  and  were  able  to  structure  their  programs  in  anticipa¬ 
tion  of  the  problems  of  aircraft  software  integration. 

The  need  for  complete  ground  simulation  facilities  is  one  of  the  most  important 
things  that  today's  tester  must  be  aware  of.  In  the  past,  cost  reductions  in  develop¬ 
mental  programs  have  been  attempted.  Such  facilities,  designed  to  emulate  the  interfaces 
between  pieces  of  equipment  that  will  be  experienced  in  actual  environments,  but  under 
controlled  conditions,  are  very  expensive.  However,  once  the  decision  not  to  employ  this 
type  of  facility  is  made,  the  test  program  is  committed  to  a  "trial  and  error"  approach 
to  discovering  problems,  which  can  be  even  more  expensive.  This  is  particularly  true 
with  airborne  equipment,  where  the  many  environmental  variables  are  very  expensive  to 
achieve,  not  even  considering  sufficient  repetition  to  give  statistical  validity  to  test 
results. 

If  a  "hardware-in-the-loop"  ground  simulation  facility  is  developed,  it  can  be  used 
very  economically  in  the  verification  of  software,  hardware,  aircrew  training,  and  per¬ 
haps  most  important,  the  integration  of  new,  digital  avionics  systems  with  each  other  and 
with  older  analog  aircraft  systems.  The  integration  of  the  Stores  Management  System  and 
of  the  ARN-101  into  the  F-4  represent  such  situations. 

The  SMS  program  made  excellent  use  of  computer  and  simulation  facilities  from  its 
very  beginning.  One  aspect  of  the  SMS  program  which  worked  well  was  that  of  initially 
testing  most  of  the  software  modules  in  the  CDC  6600  prior  to  being  installed  in  the 
minicomputer.  This  was  made  possible  primarily  through  the  use  of  a  higher  order  lan¬ 
guage.  Programming  of  the  SMS  was  an  area  of  primary  concern  to  the  testers,  so  they 
built  a  cockpit  mock-up  with  the  new  SMS  control  panel  which  was  connected  to  computers 
that  functioned  as  the  aircraft  digital  interface  although  this  facility  was  not  sophis¬ 
ticated,  it  was  ideal  for  this  test.  Numerous  software  errors  were  identified,  new  capa¬ 
bilities  programmed  and  useless  ones  deleted,  and  equally  important,  aircrews  trained  on 
a  complicated  system.  This  facility  no  doubt  saved  a  great  many  valuable  flight  hours 
and  increased  the  safety  cf  the  flight  test  program  too,  as  most  all  missions  involved 
weapon  delivery. 

Early  in  the  ARN-101  program,  it  was  determined  that  a  "hardware-in-the-loop"  simu¬ 
lation  facility  would  not  be  constructed.  As  hypothesized  previously,  this  lack  of  a 
sophisticated  ground  test  facility  committed  the  test  program  to  an  expensive  and  time 
consuming  method  for  uncovering  problems.  The  almost  infinite  number  of  combinations  of 
the  system's  input  variables  and  system  operating  modes  made  it  impossible  to  evaluate 
each  combination.  Each  flight  could  only  concentrate  on  one  small  portion  of  the 
operating  matrix  in  a  restricted  area  of  the  aircraft's  performance  spectrum. 

The  typical  result  was  that  problem  definition  and  solutions  were  slow  in  coming. 
When  the  proposed  fix  was  incorporated  into  the  ARN-101  system  software,  there  was  no  way 
(except  more  flight  tests)  to  verify  the  effect  of  that  patch  on  the  original  problem  or 
its  effects  on  other  parts  of  the  system.  The  ARN-101  system  software  is  very  extensive 
and  complex,  occupying  48k  bytes  of  memory.  Since  coding  additions,  deletions,  or 
changes  were  made  in  only  that  area  of  the  operating  system  with  the  known  errors,  it  was 
possible  to  determine  what  effect  the  local  changes  had  on  the  overall  program.  These 
effects  on  other  parts  of  the  system  often  turned  out  to  be  the  most  significant.  A  com¬ 
puter  controlled  "hardware-in-the-loop"  simulation  facility  could  have  been  used  to  great 
advantage  here.  Verification  of  software  patches  could  be  accomplished  both  in  a  local 
and  a  global  sense.  Any  desired  flight  profiles  and/or  sequences  of  weapon  delivery 
events  could  have  been  programmed  into  the  simulation  facility's  control  computer.  The 
computer  could  then  run  through  this  verification  series  with  engineers  and  aircrews 
available  to  make  inputs  as  necessary.  Additionally,  a  well  designed  and  properly  pro¬ 
grammed  control  computer  could  help  isolate  and  analyze  new  faults. 

This  verification  series  could  run  in  real  time,  as  fast  as  each  of  the  events  being 
simulated.  The  results  would  then  be  available  for  analysis  by  the  entire  test  team.  If 
airborne  test  missions  were  required  to  accomplish  the  same  number  of  events,  the  time 


consumed  would  be  much  greater  and  the  cost  could  be  enormous.  The  cost  of  saving  money 
is  high! 

Make  no  mistake,  there  is  no  intent  to  suggest  in  any  way  that  actual  flight  testing 
can  or  should  be  eliminated  from  a  DTSE  test  program.  Exactly  the  opposite.  It  must  be 
used  to  validate  the  results  obtained  from  any  type  of  ground  simulation.  But  it  must  be 
used  effectively  and  efficiently.  The  most  efficient  use  is  to  employ  flight  testing  to 
validate  and  update  the  fidelity  of  computer  models  and  verify  hardware/software  inter¬ 
faces  and  assumptions.  The  models  will  gradually  then  improve  in  accuracy.  With  suffi¬ 
ciently  good  models,  flight  testing  could  really  be  minimized  and  a  program  manager 
could  still  reasonably  attach  good  confidence  to  performance  predictions  for  his  weapon 
system  in  real  world  environments,  even  though  the  number  of  test  flights  is  limited. 
Flight  testing  is  becoming  more  and  more  expensive  every  day.  It  will  soon  be  a  limited 
test  resource  and  must  not  be  squandered. 

An  additional  advantage  of  constructing  an  adequate  ground  simulation  facility  is 
that  once  paid  for,  it  will  always  be  available.  Procurement  contracts  should  be  struc¬ 
tured  such  that  the  military  service  keeps  final  custody  of  unique  equipment.  If  the 
weapon  system  is  procured,  the  logistics  item  manager  should  take  responsibility  for  pro¬ 
per  maintenance  and  use  of  the  simulation  equipment.  When  tactical  operator  proposed 
hardware  changes  and  software  updates  come  along  (and  they  always  do),  the  support  agency 
can  use  the  "hardware- in- the- loop"  simulation  and  high  fidelity  models  constructed  during 
full  scale  engineering  development  to  minimize  the  time  and  cost  to  field  changes. 

The  need  for  complete  simulation  facilities  goes  hand-in-hand  with  the  other  concern 
of  today's  tester;  that  of  thorough  integration  of  new  and  existing  systems.  In  the 
past,  as  a  new  or  refined  weapon  delivery  or  target  acquisition  system  was  built,  it  was 
simply  introduced  into  an  empty  space  in  the  aircraft,  and  testing  could  begin.  This  was 
all  the  integration  that  was  required.  Today,  with  computer  controlled  systems  that 
interface  with  virtually  every  existing  aircraft  system,  the  integration  task  becomes 
immense.  This  fact  has  not  always  been  recognized  or  acknowledged.  Those  initially  in¬ 
volved  in  method  of  test  development  are  not  always  aware  of  the  problem,  either  because 
of  a  lack  of  knowledge  or  understanding  of  the  new  system’s  capabilities,  or  due  to  no 
experience  background  in  this  type  of  test.  Unwillingness  to  acknowledge  the  potential 
magnitude  of  the  integration  task  can  sometimes  be  traced  to  cost  considerations  on  the 
part  of  the  program  manager. 

The  integration  of  the  Pave  Tack  System  on  the  F-4  and  F-lll,  although  not  trouble 
free,  represents  both  the  strengths  and  pitfalls  of  testing  as  examined  in  this  paper. 

The  F-4/AN/ARN- 101  Pave  Tack  program  is  an  example  of  what  can  happen  if  early  integra¬ 
tion  is  not  thorough.  During  the  establishment  of  the  program,  a  separate  contract  for 
integration  of  the  various  systems  was  not  let.  Therefore,  no  one  agency  had  responsi¬ 
bility  for  making  the  systems  work  together.  By  default,  the  USAF  assumed  the  effort, 
but  was  severely  hampered  by  a  lack  of  proper  facilities  and  detailed  systems 's  know¬ 
ledge.  The  original  integration  of  the  two  systems  and  the  aircraft  was  planned  to  con¬ 
sist  of  four  flights,  which  were  also  to  be  used  for  aircrew  training.  Some  six  months 
and  80  flights  later,  the  integration  testing  was  terminated.  This  termination  was  due 
primarily  to  time  and  fiscal  constraints  rather  than  test  objective  completion.  The  only 
ground  facility  used  in  this  program  was  the  GRM-99,  a  LORAN  simulator  which  did  not, 
however,  have  the  capability  to  tie  in  with  the  Pave  Tack  or  other  aircraft  systems. 
Unforeseen  integration  problems  included  inertial  reference  and  boresight  discrepancies, 
spikes  in  ranging  information  which  affected  weapons  delivery  solutions  lost,  and  motion 
in  pointing  angle  computations.  Because  many  of  these  problems  were  unresolved  at  the 
termination  of  the  first  test,  it  has  been  necessary  to  add  two  more  test  programs.  The 
AN/ARN-101  completed  a  six-month  tape  verification  and  validation  test  in  May  1979  and  an 
F- 4/ARN- 101/Pave  Tack  Interoperability  Test  which  ended  in  September  1980. 

On  the  other  hand,  the  F-lll  Pave  Tack  program  made  provisions  for  an  integration 
effort  from  its  very  onset.  Central  to  this  effort  were  integration  facilities  at  the 
contractor's  plant  and  at  the  test  site.  Both  of  these  facilities  consisted  of  cockpit 
mock-ups  which  were  tied  into  computers  which  simulated  the  aircraft.  They  were  origi¬ 
nally  built  as  F-111F  simulators  designed  as  flight  software  program  validation  and 
verification  facilities.  When  the  Pave  Tack  development  started,  these  simulators  were 
modified  with  the  new  cockpit  configurations  and  Pave  Tack  inputs  to  the  aircraft.  Air¬ 
crews  who  were  to  be  flying  the  system  went  to  the  contractor's  plant  early  in  the  pro¬ 
gram  when  changes  in  such  things  as  switch  positions,  displays,  and  operator/computer 
interfaces  were  inexpensive. 

At  the  test  site,  both  the  engineers  and  aircrews  made  regular  use  of  the  Integrated 
Support  Facility  (ISF).  This  facility  was  also  being  used  by  the  USAF  Logistics  Command 
for  operational  flight  software  program  work,  so  it  was  (and  still  is)  constantly  growing 
both  in  size  and  capabilities  to  the  extent  that  the  on-site  computers  were  not  large 
enough  to  handle  the  demands  upon  them.  As  a  result,  a  tie-in  with  a  remote  computer  was 
established . 

Pave  Tack  integration  with  the  ISF  was  accomplished  in  two  ways.  First,  the  pod 
flight  program  was  simulated  in  the  ISF  software.  Second,  the  actual  pod  was  connected 
to  the  ISF.  The  first  method  is  more  difficult  to  achieve  because  so  many  factors  must 
be  accounted  for  in  developing  a  realistic  simulation.  However,  once  developed  more 
realistic  missions  can  be  "flown"  on  the  simulator  than  with  the  second  method  where  the 
pod  has  a  limited  target  area  and  lasing  is  restricted. 
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The  question  as  to  how  useful  were  the  integration  facilities  is  best  answered  by 
the  test  results.  The  original  F-lll  Pave  Tack  test  plan  called  for  20  integration 
flights,  many  more  than  the  F-4  effort.  However,  the  integration  was  completed  in  25 
sorties,  a  small  growth  in  the  world  of  testing. 


CONCLUSION 


As  complex,  software  intensive  systems  such  as  the  AN/ARN-101,  Pave  Tack  and  SMS 
continue  to  be  developed,  both  the  program  manager  and  engineer  must  adjust  their  think¬ 
ing  and  approach  to  testing  if  they  are  to  be  truly  successful  in  development  efforts. 
This  is  especially  true  in  today's  world  of  inflation,  rising  costs  and  smaller  budgets. 

The  AN/ARN-101  program  did  not  develop  a  sophisticated  ground  simulation  facility. 
This  fact  led  to  an  inability  to  efficiently  discover  and  verify  corrections  to  software 
faults.  This  in  turn  has  led  to  an  extended  series  of  test  programs,  all  designed  to 
figure  out  what  was  really  going  on  in  the  system's  computer  and  then  modify  it  as 
necessary.  Alternatively,  a  good  hardware-in-the-loop  simulation  facility  such  as  that 
used  in  the  F-lll  Pave  Tack  and  SMS  programs  aided  their  development  processes  immensely. 
The  facility  should  be  tailored  to  the  project  requirements.  As  in  the  SMS,  the  com¬ 
plexity  and  cost  need  not  be  high. 

Of  course,  all  programs  are  bound  to  suffer  from  many  mistakes.  Within  the  USAF 
Systems  Command,  there  is  currently  a  good  deal  of  emphasis  on  "lessons  learned."  Much 
to  the  credit  of  those  involved,  the  ARN-101  program  seems  to  have  learned  some  lessons. 
The  contractor  now  has  an  overlay  program  which  fits  right  into  the  software  and  provides 
position,  altitude,  and  velocity  in  place  of  the  IMU  and  allows  ground  testing  of  various 
profiles  before  flight.  There  is  also  a  capability  of  adding  an  aircraft  stick  for  air¬ 
crew  training. 

There  is  evidence,  however,  that  other  programs  are  not  getting  the  message  about 
the  importance  of  simulation  and  integration.  Hopefully  this  evidence  is  wrong. 

Updating  our  thinking,  no  matter  where  we  fit  in  the  systems  development  cycle  is 
essential  to  the  future  success  of  our  efforts. 
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ABSTRACT 


Reconnaissance  aircraft  which  operate  in  areas  remote  from  independent  ground-based 
positioning  references  have  special  navigation  accuracy  requirements.  For  navigation 
systems  designed  to  meet  these  requirements,  the  flight  development  task  also  presents 
special  problems . 

Experience  gained  in  developing  navigation  systems  for  the  ‘Nimrod’  series  of 
aircraft  over  the  past  thirteen  years  has  led  to  the  derivation  and  establishment  of  test 
methods  which  meet  the  needs  of  the  job. 

This  paper  presents  an  account  of  the  way  in  which  flight  trials  on  Nimrod  Mk.l, 

Mk.2  and  Mk.3  aircraft  were  formulated  to  meet  the  different  operational  patterns  expected 
in  service,  the  various  choices  of  navigation  system  modes  and  the  constraints  imposed  by 
test  facility  and  air  traffic  limitations.  The  instrumentation  of  the  aircraft,  its 
navigation  system  and  the  navigation  reference  system  are  covered,  together  with  the  data 
analysis  methods  used. 

The  philosophy  of  flight  trials  is  discussed  as  influenced  by  all  the  above  factors. 


LIST  OF  ABBREVIATIONS 


A&AEE 

Aeroplane  and  Armament  Experimental  Establishment 

ADF 

Automatic  Direction  Finding 

AEW 

Airborne  Early  Warning 

CTS 

Central  Tactical  System 

•- 

DF 

Direction  Finding 

, 

DME 

Distance  Measuring  Equipment 

ESM 

Electronic  Support  Measures 

Fia 

Flight  Information  Region 

GMC 

Gyro  Magnetic  Compass 

- 

IFF 

Identification,  Friend  or  Foe 

IN(S) 

Inertial  Navigation  (System) 

MR 

Maritime  Reconnaissance 

% 

MSA 

Mission  System  Avionics 

1 

NIDAR 

Nike  Digital  Instrumentation  Radar 

PCM 

Pulse  Code  Modulation 

RAE 

Royal  Aircraft  Establishment 

SAC 

Synchronous  Astro  Compass 
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i  1.  INTRODUCTION 

The  flight  testing  and  development  of  an  aircraft  navigation  system  has  elements 
common  to  the  flight  testing  of  any  aircraft  or  other  airborne  system. 

A*  There  is  a  specification  to  be  met,  defining  the  performance  required  of  the  system. 

*  There  are  design  features  of  the  system  to  be  demonstrated,  which  are  essential  to  its 

functioning  but  not  necessarily  conducive  to  its  best  performance.  The  design  may  contain 
►’  areas  of  technical  risk,  which  must  be  explored.  There  are  the  requirements  to  make  the 

r  '  system  capable  of  operation  by  a  competent  person  in  the  airborne  environment  and  to 

attain  a  satisfactory  state  of  airworthiness.  A  logical  sequence  of  tests  must  be  devised 
and  carried  out  to  demonstrate  satisfactory  system  performance.  The  test  programme  must 
allow  for  the  possibility  of  problems  needing  solution  and  be  carried  out  in  a  minimum  of 
time . 


In  the  flight  testing  of  the  Nimrod  MR  Mk . 1 ,  which  began  thirteen  years  ago,  the 
development  of  the  Navigation  System  introduced  a  new  field  of  trials  activity  which  was 
subsequently  evolved  through  the  Nimrod  MR  Mk . 2  and  is  being  applied  currently  to  yet 
another  version  of  the  aircraft;  the  AEW  Mk.3. 
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This  paper  describes  the  trials  methods  developed  and  used  for  'Nimrod'  navigation 
systems  against  a  background  of  the  constraints  applied  to  test  flying  in  the  UK  between 
1967  and  1980. 


2.  THE  NIMROD  AIRCRAFT 


Designed  originally  to  meet  a  Royal  Air  Force  requirement  for  a  Maritime 
Reconnaissance  and  anti-submarine  aircraft,  the  Nimrod  Mk.l  was  based  on  the  well  proven 
Comet  airframe.  A  weapons  bay  was  added  beneath  the  fuselage,  accommodation  was  provided 
for  tactical  sensors;  avionic  equipment  was  installed  for  navigation  and  communications. 
The  aircraft  has  since  been  updated  with  more  modern  equipment  to  the  Nimrod  MR  Mk.2, 
against  the  same  basic  requirement  and  a  number  are  being  converted  to  the  Nimrod  Mk.3 
which  is  to  be  the  Airborne  Early  Warning  aircraft  for  the  Royal  Air  Force. 

All  variants  of  the  Nimrod  aircraft  perform  a  reconnaissance  function,  operating 
largely  over  the  sea,  far  from  land-based  positioning  aids.  The  aircraft  are  expected  to 
work  in  conjunction  with  other  defence  forces  and,  in  the  maritime  role,  to  deliver 
weapons  effectively. 

These  features  lead  to  the  need  for  Navigation  Systems  of  sufficient  accuracy  to 
deploy  the  aircraft  to  the  required  patrol  area;  when  on  station,  the  aircraft  sensors 
must  collect  data  whose  precision  in  geographical  position  must  be  fully  compatible  with 
the  defence  network.  When  directing  weapons  systems  or  delivering  weapons,  the  Nimrod 
navigation  system  makes  an  important  contribution  to  the  overall  accuracy  required  for  a 
successful  strike. 

2.1  Nimrod  MR  Mk.l 


This  aircraft  (Figure  1)  entered  service  with  the  Royal  Air  Force  in  September  1969. 
The  particular  navigation  system  needs  for  this  aircraft  amounted  to  the  following:- 

(i)  Airways  Navigation  Aids  to  meet  normal  transit  and  terminal  requirements. 

(ii)  An  absolute  geographical  position  indication  contained  within  a  specified 
error  growth  rate  from  start  of  flight. 

(iii)  A  tactical  position  relative  to  sonobuoys  contained,  whilst  manoeuvring, 
within  a  second  specified  error  growth  rate. 

(iv)  Attitude,  heading  and  velocity  data  for  use  with  tactical  sensors. 

(v)  Ability  to  be  coupled  to  the  Automatic  Flight  Control  System. 

To  meet  these  needs,  the  overall  navigation  system  equipment  contained  the  following 
items,  which  are  detailed  in  Table  1. 

(a)  Airways  and  terminal  aids:-  VOR/ILS,  TACAN,  Gyro  Magnetic  Compasses,  ADF, 
Periscope  Sextant  and  Air  Data  Computer.  (Omega  has  been  installed 
recently  as  an  in  service  fit). 

(b)  Elliott  Inertial  Platform  with  Doppler  Velocity  slaving,  supplemented  by 
LORAN  fixing.  Back  up  was  provided  by  Doppler  velocity  and  GMC  heading. 

Outputs  from  the  above  were  fed  selectively  to  a  Navigation  Computer  for  Routine  and 
Tactical  Displays  and  also  for  use  with  sensors,  sonobuoys  and  weapons. 

2.2  Nimrod  MR  Mk . 2 


Being  an  update  of  the  Nimrod  Mk.l,  the  aircraft  has  a  similar  appearance,  (Figure  2), 
except  that  wing  tip  pods  have  been  designed  to  accommodate  new  ESM  equipment.  The  basic 
needs  for  the  Navigation  System  are  similar  to  those  for  the  Mk.l  aircraft;  but  the 
specification  is  significantly  tighter  in  some  ways,  namely:- 

(i)  The  airways  navigation  requirement  is  being  updated  to  meet  the  current 
Transatlantic  Standard. 

(ii)  Improvements  to  accuracy  in  both  absolute  geographical  position  and 
tactical  positioning. 

(iii)  Improved  reliability. 

(iv)  Improved  data  for  Tactical  Sensors  which  now  cover,  for  example, 
classification  of  Radar  targets  and  ESM  contacts. 

NOTE:  Being  maritime  targets,  these  may  have  low  speeds  comparable  with 

the  potential  rate  of  error  growth  of  the  Navigation  System. 

The  equipment  to  meet  these  needs,  (also  shown  in  Table  1),  includes  a  new  IN 
Platform  by  Ferranti  with  standby  provided,  as  before,  by  Doppler/GMC.  The  use  of  the 
Radar  near  land  is  also  available  as  an  aid  and  improved  Sonobuoy  Homer/DF  equipment  is 
fitted.  Omega  is  being  introduced  subsequent  to  entry  into  service. 


2.3  Nimrod  AEW  Mk . 3 


The  Navigation  System  for  this  aircraft,  Figure  3,  relies  heavily  on  the  technology 
and  equipment  in  the  Nimrod  Ilk. 2  (See  again  Table  1). 

The  requirements  are  strongly  directed  at  mission  reliability  and  to  meet  the  needs 
of  a  comprehensive  Mission  System  Avionics  fit,  comprising  long  range  radar  and  secondary 
radar  (IFF),  ESM  (similar  to  Mk.2  equipment)  and  communications  capable  of  transmitting 
data  to  describe  the  defence  scene  observed  from  the  Nimrod  AEW.  The  flight  profile  for 
this  aircraft,  however,  does  not  contain  the  tactical  manoeuvring  necessary  to  weapon 
delivery. 


3.  DEVELOPING  THE  TRIALS  PROGRAMME 


The  essentials  of  the  Nimrod  Mk.l  Navigation  System  are  listed  in  Table  1.  Beginning 
with  this  equipment  in  1966,  it  was  easy  to  see  that  the  airways  navigation  equipments 
could  be  tested  by  traditional  means,  checking  aerial  coverage  for  blanking,  using  visual 
'on  top'  positioning  to  check  range  and  bearing  from  known  beacons.  Ground  swings  on  CMC 
and  ADF  systems  would  also  suffice  provided  the  Compass  Base  was  to  Class  1  standard.  When 
it  came  to  the  Inertial  System  however,  new  ground  was  being  broken.  In  fact  the  new 
system  relied  on  a  Doppler/Inertial  Mix  (Doppler  Velocities,  used  to  keep  the  platform 
erect,  which  itself  provided  IN  heading)  whose  initiation,  after  static  ground  erection, 
depended  on  starting  position  information,  followed  by  a  runway  alignment  procedure.  When 
the  aircraft  was  manoeuvred  tactically,  Doppler  attitude  limits  were  likely  to  be  exceeded 
often  and  during  those  times  the  system  would  then  be  purely  inertial.  This  would  also  be 
the  case  if  Doppler  failed.  Figure  4  shows  a  block  diagram  of  the  Doppler/Inertial 
Navigation  System. 

It  would  be  necessary  to  assess  overall  errors  which  might  arise  from  initial 
alignment  of  equipment,  sensitivity  of  sensors,  bias  within  sensors  and  noise  giving  rise 
to  oscillatory  and  unbounded  drift  rates. 

3 . 1  Instrumentation 


In  the  integration  of  the  number  of  equipments  from  a  variety  of  manufacturers  and 
for  which  British  Aerospace  (then  Hawker  Siddeley  Aviation)  had  the  responsibility,  a 
good  deal  of  care  had  to  be  taken  to  identify  the  contributions  of  the  components  to 
overall  system  performance.  The  schedule  of  parameters  for  recording,  given  in  Table  2, 
is  ample  confirmation  of  the  detailed  examination  which  was  undertaken.  It  is  perhaps 
surprising  to  look  back  and  see  that  three  separate  recording  media  were  used,  namely 
35mm  cine  film  (photopanel),  6  inch  -  150mm  photographic  paper  ( galvonometer  traces)  and 
1  inch  -  25mm  magnetic  tape,  recording  digital  data  in  PCM  format. 

The  time  constants  within  the  system  which  were  thought  to  be  critical  in  the 
initiation  and  detection  of  system  errors,  led  to  the  choice  of  data  sampling  rates  for 
the  cine  and  mag.  tape  records.  On  the  basis  of  the  recording  of  these  parameters, 
subsequent  analysis  was  expected  to  reveal  behaviour  characteristics  of  the  system  giving 
rise  to  errors  of  any  significance. 

The  assessment  of  the  installed  system  performance  confronted  the  trials  planners 
with  a  special  problem.  Here  was  a  navigation  system  providing  a  near  continuous  output 
of  position  data  to  a  resolution  not  previously  experienced.  In  order  to  gain  test  data 
of  any  value  to  the  assessment  of  navigation  accuracy,  it  was  necessary  to  use  a  position 
reference  system  from  which  continuous  information  could  also  be  derived.  The  accuracy 
and  consistency  of  this  data  must  be  such  as  not  to  add  significantly  to  the  analysis  task. 
The  availability  of  the  reference  system  all  the  year  round,  24  hours  a  day  and  covering 
the  geographic  area  available  for  testing,  made  for  an  ambitious  target. 

3.2  Trials  Flight  Planning 

Figure  5  shows  a  map  of  the  UK  air  space  boundaries  and  airways  network.  Flying 
within  foreign  FIR  boundaries  is  not  permitted  for  trials  purposes  and  flights  through 
controlled  airspace  require  careful  pre-planning  and  co-ordination  with  air  traffic 
authorities. 

The  type  of  flying  envisaged  was  to  be  based  at  Woodford  and  would  be  composed  of 
straight  transit  legs  of  42  mins  (half  Schuler  period)  duration  and  of  search  patterns 
and  tactical  manoeuvres  representative  of  those  expected  to  be  used  by  the  aircraft  in 
service.  Representative  altitudes  for  each  flight  phase  were  looked  for  and  some  flight 
patterns  were  planned  to  be  repeated  on  a  number  of  different  basic  headings.  In 
particular,  an  attempt  was  to  be  made  to  separate  North-South  and  East-West  errors  in  the 
transit  legs. 

3 . 3  The  Navigation  Reference  System 

Looking  at  the  area  which  would  be  needed  for  such  flights  it  was  evident  that 
quite  large  blocks  of  UK  airspace  would  be  covered  and  that  whatever  reference  system  was 
used  must  extend  over  the  required  area.  The  following  possibilities  were  considered:- 


U 
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( 1 )  TACAN 

(2)  DUE 

(3)  Decca 

(4)  Precision  Radar 

(5)  Photographic  Survey  (confirmation  only) 

The  availability  of  the  various  equipments  up  to  about  1970  is  indicated  in 
Figure  6. 

The  use  of  TACAN  and  DME  stations  as  triangulation  bases  appeared  possible, 
although  coverage  was  not  ideal.  However,  for  such  a  solution  a  navigation  computer 
would  have  had  to  be  developed  for  the  reference  system.  This  proposition  was  not 
favoured  as  an  accompaniment  to  the  aircraft  development  programme. 

The  use  of  existing  Decca  Navigator  chains  appeared  attractive,  offering  a  68% 
probability  of  fixing  errors  within  25  metres  on  selected  paths  during  full  daylight. 

Diurnal  and  Seasonal  variations  detracted  somewhat  from  this  performance,  but  the 
coverage  and  the  reliability  of  Decca  were  very  favourable  factors.  The  A&AEE  at  Boscombe 
Down  in  the  OK  had  gone  to  considerable  trouble  to  make  a  photographic  survey  of  one 
particular  Decca-based  route  and  had  thereby  produced  evidence  of  the  claimed  accuracy. 
Another  route  was  surveyed  using  an  F49  camera  mounted  in  the  prototype  Nimrod.  This 
was  the  Purple  Bisector  (line  of  best  accuracy)  of  the  English  Decca  Chain.  Corrections 
to  the  Decca  data  were  thus  available  to  produce  an  even  finer  accuracy  if  the  need  arose. 

Since  these  two  routes  were  nearly  East-West  and  North-South  respectively,  the 
decision  was  made  to  use  them  as  the  basis  of  all  transit  leg  work.  The  aircraft  pilot 
was  to  be  provided  with  a  Deccometer  which  simply  had  to  be  maintained  at  a  constant 
reading  for  42  minutes.  A  dedicated  operator  was  to  be  employed  to  monitor  and  log  Decca 
position  throughout  the  relevant  parts  of  the  flight.  Decca  output  was  interfaced  to  the 
magnetic  tape  recording  system  appearing  as  a  series  of  four  18-bit  words  recurring  every 
second. 

In  the  meantime,  discussion  with  the  RAE  missile  tracking  range  organisation  at 
Aberporth  in  West  Wales,  established  that  use  of  one  of  their  FPS  16  radars  in  specified 
areas  might  be  fitted  in  with  missile  work,  to  cover  the  tactical  or  short  term  manoeuvre 
patterns  (Figure  7).  Using  an  area  behind  the  main  range  (to  allow  other  work  to  continue), 
the  FPS  16  position  accuracy  was  given  as  about  1  metre  per  5  Km  range.  This  accuracy 
was  achievable  in  areas  not  subjected  to  multipath  errors  introduced  by  high  ground,  in  a 
manner  indicated  by  the  contour  shown  in  Figure  6.  Further,  it  was  necessary  to  avoid 
the  random  errors  of  skin  tracking  on  a  large  aircraft  and  to  fit  a  suitable  transponder. 

It  was  then  necessary  in  analysis  to  allow  for  the  distance  between  this  transponder  and 
the  IN  platform  and  it  was  of  course  vital  to  attain  a  high  degree  of  accuracy  in  the 
synchronisation  of  aircraft  and  radar  records.  This  was  achieved  by  the  identification 
of  the  trailing  edge  of  a  precisely  timed  tone  released  on  a  dedicated  V/UHF  radio. 

The  option  of  recording  over-land  'fixes'  photographically  was  retained,  using  an 
F49  vertical  camera  in  lieu  of  aircraft  operational  equipment. 

The  flight  plans  which  emerged  were  based  on  the  surveyed  Decca  routes  and  on  the 
Aberporth  range,  in  this  case  using  the  normal  Decca  area  coverage  as  a  lead  in.  Flying 
was  normally  to  take  place  in  daylight  hours  and  was  thus  more  constrained  in  the  winter 
period.  For  a  programme  expected  to  last  some  months,  this  was  an  undesirable  yet 
unavoidable  situation. 

3. 4  Aircraft  and  Runway  Alignment 

The  final  detail  of  the  navigation  reference  arrangements  was  the  determination  of 
aircraft  true  heading  before  and  after  a  trials  flight,  and  the  recording  of  aircraft 
mean  heading  during  the  runway  alignment  phase.  The  first  essential  was  the  harmonisation 
of  navigation  sensors  with  an  aircraft  centre  line  reference.  This  was  achieved  in  final 
build  stages  by  transferring  an  IN  platform  between  the  various  mountings.  Determination 
of  true  heading  was  made  by  a  simple  theodolite  base  at  Woodford  referenced  to  accurately 
surveyed  landmarks.  Mean  heading  on  the  runway  was  measured  firstly  by  marking  the  static 
position  of  the  aircraft  lined  up  for  take-off.  Its  position  at  the  end  of  the  runway 
alignment  phase  (about  600m  distance  gone)  was  then  recorded  by  a  mark  left  on  the  runway 
when  a  small  paint  capsule  was  fired  from  a  gun  mounted  vertically  in  the  aircraft. 

Simple  measurements  then  oroduced  the  required  information  to  better  than  0.01°  accuracy. 

3 . 5  Trials  Support 

The  overall  avionics  development  programme  for  the  Nimrod  Mk . 1  had  provisioned  for 
a  system  rig  similar  in  physical  layout,  power  supplies,  inter  rack  wiring  and  equipment 
cooling  to  the  real  aircraft.  As  well  as  working  up  the  equipments,  sub-systems  and 
software  before  flying  began,  this  rig  was  invaluable  in  the  support  of  the  flying 
programme.  It  enabled  hardware  and  software  faults  to  be  simulated  and  allowed 
development  to  take  place  away  from  the  aircraft.  In  particular,  special  nav.  computer 
software  overlays,  for  trials  purposes,  were  validated  on  the  rig. 
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After  a  normal  acceptance  procedure,  spare  components  were  also  operated  on  the 
system  rig  before  being  fitted  to  the  aircraft. 

3.6  Analysis 

A  block  diagram  of  the  data  flows  for  analysis  of  flight  records  is  shown  in 
Figure  8.  After  a  flight  involving  the  Aberporth  radar,  the  radar  record  would  be 
recovered  by  road  to  the  main  analysis  site.  For  the  Nimrod  Mk . 1  trials  this  radar 
record  had  to  be  digested  by  a  mainframe  computer  before  merging  with  the  flight  data. 

For  Decca  based  runs,  the  same  basic  analysis  arrangement  was  used  without  the  radar 
input  of  course.  In  each  case  the  first  line  analysis  would  be  the  breakdown  of  Navigation 
position  errors  into  Northerly  and  Easterly  components,  also  along  track  and  across  track 
errors.  After  this  process  had  been  completed,  the  more  laborious  analysis  of  trace 
records  would  be  undertaken  selectively  in  order  to  relate  component  behaviours  to  the 
particular  flight  path,  system  mode,  and  environmental  conditions  experienced.  This  same 
procedure  was  used  for  all  the  available  Navigation  System  modes  ( ie .  Doppler/IN,  Pure  IN, 
Doppler/GMC,  Air  Data/GMC)  and  it  was  the  intention  to  build  a  mathematical  model, 
particularly  from  the  IN  based  results. 

3. 7  Programme 

Two  comprehensively  instrumented  aircraft  were  allocated  for  navigation  trials, 
contained  within  a  programme  including  other  trials,  especially  on  the  closely  allied 
tactical  systems.  One  of  the  aircraft  was  a  systems  prototype  but  the  other  was  an 
instrumented  production  aircraft  with  development  equipment  on  board.  Overall  flying  rate 
was  planned  at  20  hours  per  aircraft  per  month  into  which  all  development  changes,  routine 
servicing  and  maintenance  were  fitted.  On  this  basis  the  contractor's  navigation 
development  trials  were  completed  in  a  period  of  two  and  a  half  years,  using  about  330 
flying  hours  shared  between  the  two  aircraft. 

3 . 8  Trials  Experience  and  Results 

The  early  period  of  prototype  flying  was  given  over  to  shakedown  of  systems.  In 
common  with  experience  elsewhere,  it  was  found  that  electronic  systems  using  low  voltage 
signals  passing  through  a  multitude  of  wires  and  miniature  connectors  were  not  without 
their  problems.  The  normal  rigours  of  the  flight  environment  were  enough  to  reveal  snags 
not  uncovered  by  exhaustive  ground  checks.  Painstaking  efforts  were  needed  to  achieve 
reliability  and  produce  a  fully  serviceable  navigation  system. 

The  flying  of  the  various  navigation  patterns  was  successfully  negotiated.  Good 
co-operation  by  civil  and  military  air  traffic  controllers  enabled  the  specialised 
demands  of  the  Nimrod  flights  through  controlled  airspace  to  be  met  with  minimal 
disturbance.  Careful  pre-planning  of  the  use  of  the  Aberporth  range  likewise  yielded 
successful  results,  although  missile  firing  sometimes  delayed  Nimrod  sorties  and  winds 
over  60  km/hr  were  sufficient  to  deflect  the  tracking  antenna  mountings  and  render  radar 
data  unreliable.  Sorties  were  never  abandoned  due  to  radar  or  Decca  transmitter  failures. 

The  gradual  accumulation  of  reference  data  and  experience  of  operating  the  navigation 
sorties  enabled  reliable  figures  to  be  built  up  on  detectable  errors  in  the  navigation 
system.  Position  errors  could  always  be  detected  to  an  accuracy  better  than  30  metres,  a 
measurement  comparable  with  the  size  of  the  aircraft.  Rate  of  error  growth  could  always 
be  measured  accurate  to  about  0.6  km/hr.  These  figures  were,  of  course,  improved  on 
close  to  the  radar  range  head.  These  data  were  gathered  during  performance  and  fragmented 
navigation  patterns  described  in  Paragraph  3.3. 

From  such  information  it  was  intended  to  build  a  mathematical  model  of  the 
navigation  system  but  this  was  found  difficult  to  achieve  at  the  * ime  of  the  trials, 
partly  because  instrumentation  coverage  was  not  ideal.  Modelling  of  the  Nimrod  Mk.l 
navigation  system  was  subsequently  successful  as  reported  in  Reference  1.  The  behaviour 
of  the  inertial  system  was  ultimately  found  to  be  dependent  upon  the  entire  history  of  a 
flight  from  'brakes-off'  to  the  current  position.  However,  work  had  been  done  to  establish 
statistical  evidence  of  the  performance  of  a  number  of  IN  platforms  on  which  the  primary 
navigation  mode  of  the  Nimrod  Mk.l  relied.  This  included  ground  rig  work  on  drift  rates. 
Subsequent  production  series  equipment  could  then  be  shown  to  produce  part  of  the  same 
population  of  results. 

The  passing  off  of  production  aircraft  systems  was  reduced  to  a  straightforward 
routine.  A ’bolt-on’ Decca  set  was  mounted  in  the  aircraft  coupled  to  an  ADF/Loran  aerial. 

The  IN  was  subjected  to  drift  runs  both  on  the  systems  rig  and  in  the  aircraft  to 
trim  the  platform.  Four  consecutive  straight  transit  runs  were  made  on  the  'Purple 
Bisector'  of  the  English  Decca  chain.  Simple  data  recovery  from  the  aircraft's  Mission 
Analysis  Recorder,  (programmed  to  accept  Decca  on  test  flights)  produced  error  plots  on 
the  same  day  as  the  flight.  Evidence  of  the  consistency  of  some  production  results  is 
shown  in  Figure  9. 


NIMROD  MK.2 
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By  the  time  deliveries  of  Nimrod  Mk . 1  to  the  Royal  Air  Force  were  complete,  updated 
tactical  sensors  were  already  under  serious  consideration  and  it  was  realised  that  a  more 
accurate  and  reliable  Navigation  System  would  be  needed  to  complement  the  new  avionics 
fit.  The  Ferranti  FIN  1012  Inertial  Platform  was  chosen  for  the  primary  navigation  mode, 
reversionary  modes  being  as  for  Nimrod  Mk . 1 .  Loran  was  retained  as  a  fixing  and  updating 
aid  when  in  good  groundwave  cover.  Information  from  all  the  Navigation  sensors  was  to  be 
input  to  a  new  Central  Tactical  System  providing  revised  Routine  Navigation  and  Tactical 
displays,  based  on  the  best  navigation  information  available. 

The  Ferranti  platform  is  self-aligning,  requiring  no  runway  alignment  phase. 
Confidence  in  the  long  term  accuracy  of  this  platform  had  been  gained  during  development 
by  Ferranti,  (Reference  2)  and  subsequently  in  evaluation  trials  by  the  Royal  Aircraft 
Establishment  at  Farnborough . 

It  was  arranged  that,  prior  to  British  Aerospace  trials,  each  platform  used  for 
assessment  of  navigation  performance  would  have  a  declaration  of  performance.  This  was 
to  be  based  on  data  gathered  from  flights  by  the  RAE  with  small  batches  of  development 
platforms.  (This  process  of  platform  qualification  was  continued  on  production  platforms 
by  the  A&AEE  at  Boscombe  Down). 

4 . 1  Trials  Objectives 

After  experience  with  the  Mk . 1  aircraft,  the  purpose  of  the  Mk . 2  trials  could  be 
somewhat  refined. 

In  demonstrating  Navigation  performance,  statistical  evidence  could  also  be  shown 
that  this  performance  was  not  degraded  from  that  declared  for  the  platforms  in  the  RAE 
tests . 


The  navigation  performance  in  reversionary  modes  with  special  reference  to  the 
modified  GM7  Compass  would  also  be  demonstrated. 

Integration  of  the  Navigation  Sensors  with  the  Central  Tactical  System  and  hence 
with  the  Tactical  Sensors  would  be  proved.  Equipment  conditioning  and  compatibility 
trials  would  be  made  to  ensure  that  the  overall  installation  was  satisfactory. 

One  of  the  significant  purposes  was  to  gather  sufficient  data  to  validate  a 
mathematical  model  of  the  Navigation  System  on  which  comprehensive  performance 
characteristics  could  be  determined.  Assessments  of  ergonomic  design,  operating  and 
servicing  procedures  and  built  in  test  functions  were  also  to  be  made. 

4 . 2  Navigation  References  and  Trials  Planning 

Based  on  the  previous  experience  and  results,  the  aim  for  the  Mk.2  was  to  plan 
trials  sorties  which  were  far  more  nearly  representative  of  operational  flight  patterns. 

This  meant  longer  sorties  with  less  constraints  on  tactical  manoeuvres  than  had 
been  accepted  for  the  Nimrod  Mk . 1 .  With  Decca  coverage  of  the  UK  now  improved,  (Figure  6) 
its  use  on  an  area  basis  was  again  planned,  with  Bisector  runs  for  special  purposes.  The 
Aberporth  FPS  16  radar  accuracy  was  good  enough  for  tactical  work  but  availability  and 
range  boundaries  were  restrictive  so  the  Army  radar  range  at  Benbecula  off  the  West  coast 
of  Scotland  was  investigated,  (See  Figure  6).  This  range  had  been  re-equipped  with  NIDAR, 
a  radar  of  comparable  performance  with  the  FPS  16.  Despite  considerable  advance  planning 
efforts,  a  way  could  not  be  found  to  use  this  range  effectively,  partly  through  inadequate 
calibration  and  partly  through  the  difficulty  in  managing  priorities.  Finally  therefore 
a  series  of  long  sortie  plans,  mixing  transits,  search  patterns  and  tactical  manoeuvres 
was  decided  on,  with  the  later  manoeuvres  contained  within  the  Aberporth  range  boundaries. 

4 . 3  Aircraft  Alignment 

Harmonisation  of  the  new  navigation  sensor  equipment  with  an  aircraft  centreline 
reference  was  effected  for  the  Nimrod  Mk.2  by  the  use  of  a  Wild  ARK-1  gyro  theodolite. 
Mounting  adaptors  at  Doppler  and  IN  positions  were  specially  made  for  this  purpose  and 
reference  was  made  to  the  aircraft  compass  sighting  rods  for  datum  purposes.  External 
aircraft  markings  were  used  for  pre  and  post-flight  heading  measurements  as  with  Nimrod 
Mk . 1  but  using  the  Wild  gyro  theodolite. 

4 . 4  Trials  Support 

Probably  the  greatest  advance  in  support  between  the  two  versions  of  the  aircraft, 
was  made  in  the  Systems  Integration  rig.  Constructed  to  represent  the  Tactical  compartment 
of  the  aircraft,  it  contained  a  Navigation  System  and  Central  Tactical  System.  Air  Data 
Computer,  Radio  Altimeter  and  Loran  were  not  fitted  but  interfaces  between  these  equipments 
and  CTS  were  representative,  allowing  realistic  signal  inputs  to  be  used. 

An  INS  simulator  was  incorporated  to  create  live'  navigation  data.  Simulation  of 
GM7  and  Doppler  inputs  was  also  developed  to  match  the  simulated  IN  movements.  Sub-system 
and  system  integration  tests  were  performed  on  the  rig,  exercising  components  over  their 
full  input-output  ranges,  unlikely  to  be  achieved  in  flight.  Validation  of  flight 
software,  including  trials  overlays  was  also  completed. 
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As  before,  flight  instrumentation  was  incorporated  in  the  rig,  but  here  the  more 
comprehensive  avionic  instrumentation  modules  could  be  fully  represented.  As  before 
analysis  procedures  were  run  and  developed  before  flight  trials  began. 


Instrumentation  and  Analysis 


With  regard  to  recorded  parameters,  the  basic  philosophy  was  unchanged  from  Nimrod 
Mk . 1 .  However,  even  greater  coverage  of  sub-system  parameters  at  greater  recording 
frequency  was  adopted  as  a  result  of  Nimrod  Mk . 1  experience  and  the  variety  of  recording 
media  was  not  worthy  of  repetition.  Digital  magnetic  tape  recording  of  all  flight  data 
was  adopted  with  a  more  efficient  data  processing  system  based  on  the  PDP  11/45  computer. 
Merging  of  radar  range  and  flight  data  was  carried  out  at  the  one  facility  and  second  line 
analysis  was  handled  on  a  separate  PDP  11/40  machine.  First  line  analysis  could  be 
completed  within  6  hours  of  the  reception  of  the  radar  record. 


Programme 


Again,  two  fully  instrumented  aircraft  were  allocated  to  navigation  trials.  One  was 
an  early  prototype  aircraft  representative  only  in  the  fit  of  navigation  equipment.  The 
second  aircraft  was  built  to  the  full  Mk . 2  conversion  strndard  and  was  capable  of  longer 
flight  durations.  This  feature  was  of  importance  because  the  improved  navigation  system 
did  not  reveal  easily  detectable  errors  until  the  flight  was  well  under  way.  The  decision 
to  use  the  Aberporth  radar  range  to  a  greater  extent  on  each  sortie  was  clearly  correct 
in  that  the  most  important  phase  of  navigation  error  detection  was  flown  against  the  more 
accurate  reference.  Greater  conflict  with  missile  work  on  the  range  was  inevitable. 
However,  the  navigation  develonment  flying  was  completed  in  conjunction  with  oilier  tasks 
over  a  period  of  14  months,  using  240  hours  of  flying  time. 


Production  conversion  of  Nimrod  Mk . 2  is  in  the  early  stages,  but  it  is  already 
evident  that  the  reliability  of  the  navigation  system  is  aiding  more  rapid  clearance.  A 
long  sortie  is  a  feature  of  this  procedure  when  navigation  and  tactical  sensor  checks  are 
interleaved  to  mutual  advantage.  Only  airways  type  navigation  aids  are  needed  for 
navigation  reference.  The  long  sorties  are  terminated  with  ground  examination  of  residual 
platform  drift. 


5  .  N I MROD  MK . 3 

This  aircraft  uses  the  same  primary  navigation  sensor  as  the  Nimrod  Mk . 2 .  The 
Ferranti  FIN  1012  is  duplicated  for  overall  Mission  reliability  and  the  live  platform  is 
used  as  attitude  and  heading  reference  for  the  Mission  System  Avionics.  Having  a  less 
vigorous  flight  profile  to  endure  the  overall  Navigation  System  errors  are  likely  to  be 
less  than  those  measured  on  the  Maritime  reconnaissance  aircraft. 

The  Mk . 3  trials  have  just  begun.  It  is  confidently  predicted  that  a  considerably 
reduced  flight  time  for  navigation  system  development  will  be  required,  even  though  its 
interface  with  a  new  Mission  System  Avionics  fit  is  involved. 

The  principles  evolved  through  Nimrod  Mk . 1  and  Mk . 2  trials  are  being  refined  and 
adopted  once  more:- 

(i)  A  Systems  Integration  rig,  including  MSA  is  being  commissioned.  IN  and 
compatible  navigation  system  simulators  are  in  use.  Representative 
instrumentation  is  fitted. 

(ii)  Trials  software  for  the  on-board  navigation  computer  has  been  developed  on 
the  Systems  Integration  rig  and  is  in  use  on  the  first  development  aircraft. 

(iii)  Flight  s>rtios  will  follow  representative  operational  profiles.  Precision 
radar  will  be  used  to  cover  as  much  as  possible  of  these  sorties.  Decea  is 
being  used  for  simple  drift  assessment  and  lead  in  to  patrol  pattern  flying. 

Navigation  trials  on  the  Mk . 3  are  scheduled  on  two  fully  instrumented  aircraft  and, 
interleaved  with  other  development,  trials  are  expected  to  occupy  about  100  flying  hours 
of  flying  time. 


6 .  CONCLUDING  REMARKS 

The  flight  development  hours  flown  by  British  Aerospace  on  a  series  of  Nimrod 
navigation  systems  shows  a  diminishing  total  with  each  successive  system  (Figure  10).  At 
the  same  time,  it  must  be  recognised  that  considerable  research  and  development  effort 
was  made  by  the  manufacturers  of  individual  sensors  and  hv  government  establishments. 

Also  the  support  work  on  the  ground  has  progress i vley  increased  in  sophistication.  It  is 
now  pertinent  to  consider  what  the  future  requirements  will  be  for  flight  testing 
navigation  systems. 

A 1  ready, b ri e f  experience  has  been  gained  on  a  Nimrod  flight  with  an  IN  platform  of 
significantly  lower  drift  rate  than  any  of  the  equipment  dealt  with  so  far.  Also  some 
evaluation  has  been  made  of  Omega  accuracy.  Using  the  current  standard  of  navigation 
reference,  it  now  becomes  necessary  to  fly  longer  sorties  before  reliable  measurements  of 
drift  error  can  he  made .  For  non  time  dependent  systems,  flying  closer  to  the  radar  range 


2-K 


head  becomes  necessary,  thus  restricting  the  available  trials  area. 

It  seems  likely  that  military  aircraft  will  continue  to  exploit  the  most  accurate 
navigation  position  and  heading  information  that  can  be  made  available.  This  information 
will  continue  to  be  needed  both  for  long  term  geographical  position  and  short  term  weapon¬ 
aiming  purposes.  We  may  therefore  expect  further  development  of  the  independent  IN 
based  systems,  possible  integration  with  superior  position  fixing  aids  and  the  power  of 
the  on-board  computer  to  be  utilised  to  enhance  the  value  of  whatever  sensors  are  selected. 

Assuming  that  future  systems  live  up  to  their  promise,  it  becomes  increasingly 
difficult  to  find  a  reference  against  which  to  declare  a  navigation  performance.  In  the 
UK  the  provision  of  an  enhanced  precision  radar  facility  may  fulfil  the  needs  of  the 
immediate  future.  The  linking  of  the  Aberporth  and  Benbecula  ranges  could  be  a  useful 
step  in  this  direction. 

It  must  be  admitted  however  that  in  face  of  sustained  improvement  in  navigation 
systems,  it  will  be  a  struggle  to  keep  continuously  recording  references  anything  like  an 
order  more  accurate  than  the  system  under  test. 

It  is  quite  possible  that  we  may  find  that  successful  development  in  this  field 
lies  in  a  far  greater  effort  on  the  ground,  accompanied  by  a  relative  reduction  of  flight 
trials  effort.  The  system  development  would  be  made  through  more  sophisticated  software 
designs  and  mathematical  modelling.  The  flight  trials  would  reduce  to  a  few  precision 
measurements  of  position  and  heading  allied  to  carefully  controlled  flight  profiles.  It 
is  the  author's  belief  that  this  will  be  the  way  ahead. 
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Twin  Sperry  GM  7  Compasses;  Marconi  AD  360  ADF; 
Hoffmann  AN-ARN  72  TACAN;  Twin  Marconi  AD  260  VOR/ILS 
Elliott  81-01-26  Air  Data  Computer 
(Litton  LTN  211  Omega  Retrofit) 

TACT I CAL  NAVIGATION : 


NIMROD  MR  MK.l 


Elliott  E3  Inertial  Navigation  System 
Decca  67M  Doppler  Radar 
Decca  ADL  21  LORAN 

CDC/Kollsman  Synchronous  Astro  Compass 


NAV/TAC  COMPUTING: 


C DC  Automatic  Wind  Computer 
CDC  Sea  Motion  Corrector 
CDC  Spherical  Data  Computer 
CDC  Ground  Speed  Coupler 
CDC  Ground  Speed  Resolver 
Elliott  920B  Computer 


AIRWAYS  AIDS: 

Twin  Sperry  GM  7  Compasses;  Marconi  AD  360  ADF; 
Hoffmann  AN-ARN  72  TACAN;  Twin  Marconi  AD  260  VOR/ILS 
Elliott  81-01-26  Air  Data  Computer 
(Litton  LTN  211  Onega  Retrofit) 


NIMROD  MR  MK.2 


TACTICAL  NAVIGATION: 

Ferranti  FIN  1012  Inertial  Navigation  System 
Decca  67M  Doppler  Radar 
Decca  ADL  21  LORAN 


NAV/TAC  COMPUTING: 

CDC  Spherical  Data  Computer 
Marconi  Avionics  920  ATC  Computer 


AIRWAYS  AIDS: 


Single  Sperry  GM  7  Compass;  Marconi  AD  360  ADF; 
Marconi  Avionics  AD  2770  TACAN; 

Twin  Marconi  AD  260  VOR/ILS 
Elliott  81-01-26  Air  Data  Computer 


NIMROD  AEW  MK . 3 


TACTICAL  NAVIGATION: 


Twin  Ferranti  FIN  1012  Inertial  Navigation  Systems 
Decca  ADL  21  LORAN 


NAV  COMPUTING: 

CDC  Spherical  Data  Computer 
Marconi  Avionics  920  ATC  Computer 


TABLE  1 


NIMROD  NAVIGATION  SYSTEMS  -  MAJOR  COMPONENTS 


DECCA  DEAD  RECKONING  COMPUTATION  COMPUTER  DOPPLER/IN  MIXING  IN  ALIGNMENT  HEADING  SYSTEM 


2-10 


n 

PHOTOPANEL  RECORDER 

PAPER  TRACE  (GALVO)  RECORDER 

MAGNETIC  TAPE  RECORDER 

HEADING  SYSTEM 

Primary  heading  changeover 
to  Ground  Speed  Resolver. 
Primary  true  heading  to 
computer  from  IN. 

Secondary  magnetic  heading 
Nos.  1  and  2  GMC . 

True  heading  output  from 

No. 2  true  synchro  amplifier. 
True  heading  output  from 
heading  repeater. 

SAC  corrections  to  IN  and 

GMC  systems. 

Input  to  variation  unit. 
Secondary  system  comparator 
operations  No. 1 /No. 2  and 
Primary /No . 2 . 

Primary/secondary  heading 
selected . 

Nav  mode  selected. 
Destination  or  track 
selected . 

Analogue  computation  in 
memory . 

Ground  speed  correction  for 
sea  motion. 

Drift  correction  for  sea 
motion . 

Primary  true  heading. 
Secondary  true  heading. 

True  track  for  920B  computer. 
Primary/secondary  heading 
selection . 

Destination  or  'track  set' 
mode . 

Selected  destination  (lat/ 
long)  when  'steer'  is 
selected . 

Distance  to  destination. 
Across  track  error. 
Accumulated  meridian 
convergence  change  since 
last  computation  of 
required  track. 

IN  ALIGNMENT 

Selection  of  runway 
alignment . 

Runway  orientation  setting 
coarse  and  fine. 

Selection  of  Read  heading/ 
Read  track,  Track  angle 

IN  Platform  Heading. 

Inertial  N/S  and  E/W 
velocities . 

Inertial  N/S  and  E/W 
velocities  to  Ground  Speed 
Resolver. 

Steer  button. 

Selection  of  runway 
alignment . 

Inertial  N/S  and  E/W 
velocities . 

DOPPLER/ IN  MIXING 

IN  mode  selection  and 
failure  warning. 

IN  roll  and  pitch  attitude. 
Doppler  attitude  limits. 
Doppler  signal/noise  trip. 
Doppler  error  trip  and 
interlock . 

Doppler/IN  mix  signals. 

N/S  and  E/W. 

Doppler  ground  speed 
slaving  signal  from  Auto 

Wind  Computer. 

IN  platform  and  Doppler 
failures. 

Auto  Wind  Computer  failure 
land/sea  selection. 

Sea  Motion  Correction 

On/Off. 

AIR  DATA 
COMPUTER 

- - - - - - - 1 

Outside  air  temperature. 
Altitude  output. 

Windspeed  computed  or  set 
in  air  data  mode. 

TAS  input  to  Automatic 

Wind  Computer  from  Air  Data 
Computer . 

TAS  input  to  920B  Computer 
from  Air  Data  Computer 
Interface . 

True  Airspeed  (TAS). 

DEAD  RECKONING  COMPUTATION 

Sea  Motion  Corrector  On/Off. 
Automatic  Wind  Computer  fail. 
Automatic  Wind  Computer  mode. 
IN  good. 

Doppler  good. 

Corrected  drift  angle  from 
Automatic  Wind  Computer. 
Computed  wind  direction. 

DR  lat  and  long  to  920B 
Computer . 

Actual  true  track  to  nav 
display . 

N/S  and  E/W  ground  mileage 
increment  outputs  from 

Ground  Speed  Resolver. 

Unresolved  ground  speed 
from  Ground  Speed  Resolver 
to  Automatic  Wind  Computer. 
Error  in  Automatic  Wind 
Computer  drift  relative  to 
Ground  Speed  Resolver  drift. 
Ground  speed  output  from 
Automatic  Wind  Computer  to 
920B  Computer. 

Unresolved  ground  speed  at 
Ground  Speed  Resolver. 

Input  from  Ground  Speed 
Coupler . 

Au'i',  >tic  Wind  Computer 
fa  i 

Sea  Motion  corrections  to 
Ground  Speed  and  Drift. 
Variation  input  to  920B 
Interface  Unit. 

Corrected  drift  angle  from 
Automatic  Wind  Computer  to 
920B  Computer. 

Corrected  drift  angle  from 
Automatic  Wind  Computer  to 
920B  Computer. 

Ground  speed  output  from 
Automatic  Wind  Computer  to 
920B  Computer. 

Time  of  re-synch  analogue 
and  digitally  computed 
position . 

Lat  and  long  920B  Computer 
input  and  digital  output. 
Distance  to  destination. 
Command  track. 

DECCA 

Chain  selection.  Lane  ident. 
Decomater,  red,  green  and 
purple  lanes. 

Decca  ignore. 

Zone  accumulation  meter. 

Actual  aircraft  position  in 
Decca  lattice  or 
co-ordinates . 

TABLE  2  -  NIMROD  MK.l  SUMMARY  OF  NAVIGATION  SYSTEM  INSTRUMENTATION  PARAMETERS 
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FIGURE  4 


NIMROD  MR  MK. 1 
NAVIGATION  SYSTEM 

ESSENTIALS  OF  DOPPLER/INERTIAL  MIX  MODE 


II! 


DECCA  AND  PRECISION  RADAR  COVERAGE  OF  UK  AIRSPACE 
USED  FOR  NIMROD  NAVIGATION  TRIALS 


FIGURE  9  -  NIMROD  MR  MK.l  PRODUCTION  NAVIGATION  SYSTEM  RESULTS 


FLYMO 

HOURS 


ESSAI  D'UN  SYSTEME  INTEGRE  DE 
PILOTAGE,  NAVIGATION  ET  VISUALISATION 
(CARAVELLE  ALIS) 


par 

Alain  KLOPFSTEIN 
Ingtnieur  Navigant  d’Essais 

au 

Centre  d'Etsaia  en  Vol 
91220  BRETIGNY/ORGE 
FRANCE 


RESUME 

La  complexity  dea  Equipements  d'avionique  a  fait  apparaitre  le  beaoin  de  systemes  integrE*  a  bord 
dea  avion*.  Un  systeme  experimental  a  ete  install#  sur  une  Caravelle.  II  assure  lea  echanges  d 1  inf ormat ions 
entre  les  coamandes  automatiques  de  vol,  les  visualisations  de  pilotage  tete  haute  et  tete  baase,  et  les 
calculateura  de  navigation  et  de  guidage. 

Les  essais,  qui  viennent  de  coraroencer,  porteront  sur  les  ameliorations  possibles  des  capacites 
operat ionnel lea  de  I'avion  compte  tenu  de  l 'assoc iat ion  des  diverses  fonctions  et  de  1 ' i ntegrat ion  des 
interfaces  avec  1 'equipage. 


I  •  GENERAL  I TES 

1.1.  But  de  1 'etude 


L'explosion  technologi que  qui  a  suivi  1 ' introduction  du  transistor  puis  de  la  microelectronique 
dans  les  equiperaents  embarques,  et  dont  I'apparition  des  memoires  a  bulles  est  la  plus  recente  manifes¬ 
tation,  continue  d  se  propager  plus  vite  que  la  reflexion  des  utilisateurs  potentiels  d  concevoir  des 
systemes  coherents.  Les  divers  equiperaents  embarques  se  sont  sophist iques  sEparement,  grace  £  ces  nou- 
velles  possibilites  technolog iques ,  et  certaines  fonctions  ou  calculs  sont  souvent  realises  plusieurs 
fois  dans  I'avion.  (Mesure  des  assiettes,  calculs  de  rotation  d’axes,  calculs  de  vitesses  etc  ...). 

Le  but  initial  de  1 'etude  financee  par  le  Service  Technique  des  Telecommunications  et  des  Equi- 
pements  (STTE)  de  la  DTCA  est  de  favor iser  le  developpement  de  systemes  di ts"integres" ,  conqus  pour 
eviter  les  duplications  inutiles  en  faisant  circuler  les  donnees  d'interet  general  vers  les  differents 
equipements  qui  en  ont  besoin,  et  optimiser  la  repartition  des  fonctions  ccramunes  a  1 'ensemble  de  1 'a- 
vionique . 

Mais  cette  approche,  qui  consiste  a  considerer  globalement  toute  l'avicnique  corane  un  systeme, 
conduit  rapidement  a  de  nouveaux  concepts  d 'util isat ion  operat ionnel le  des  avionB .  L ' i ntegrat ion  des 
fonctions  de  visual isation  et  de  coomandes  qui  sont  les  interfaces  entre  l'horame  et  la  machine,  a  des 
consequences  sur  le  poste  de  pilotage  de  I'avion  (planche  de  bord  et  comnandes  de  vol)  et  l'aboutisse- 
rnent  naturel  de  la  demarche  est  1 ’ integration  de  l'ensemble  de  I'avion,  de  ses  equipements  ...  et  de 
1'equipage,  en  un  systeme  optimise.  Et  c'est  pourquoi  le  probleme  de  la  charge  de  travail  de  1 'equipa¬ 
ge,  aborde  au  depart  en  terme  de  diminution  de  cette  charge,  sera  peut-etre  reexamine  au  cours  des 
essais,  en  terme  de  transfert  et  de  changement  de  nature  de  la  charge,  afin  de  faire  collaborer  1 'equi¬ 
page,  au  mieux  de  sa  capacite,  avec  le  reste  du  systeme. 

1.2.  Chojx  du  systeme  en  essais 

Le  souci  d'avoir  un  support  d'etude  suffisamment  ouvert  et  non  liraitatif,  a  orient#  le  choix  du 
theme  d'etude  vers  un  systeme  d'avion  de  transport  civil  long  courrier.  Les  fonctions  traitees  sont  : 

l*1  pilotage  (jusqu'A  1 ' at terrissage  en  categorie  III) 

’a  navigation  en  zone  oceanique  et  en  zones  terrainales 

les  vi sual i sat i ons  et  commandes  associees  aux  fonctions  precedentes  ou  liees  &  la 
gestions  des  rad iocommun icat ion 

Le  choix  du  Centre  d'Essais  en  Vol  (CEV)  pour  I'avion  banc  d'essai  s'est  port#  sur  une  Caravelle 
pour  des  raisons  cout  et  de  facilites  de  raise  en  oeuvre.  Un  chantier  de  18  mois  l'a  transforme  en 
Avion  L.aboratoire  d  '  Integrat  ion  de  Systemes  (ALIS). 


2.  PRESENTATION  DU  SYSTEME  EXPERIMENTAL 

Conduite  par  les  Services  Officiels  (STTE  et  CEV)  1 'operation  ALIS  utilise  des  equipements  existent 
ou  derives  d 'equ ipement s  existants,  produits  par  les  principaux  equiperaentiers  franqais,  coordonnes  par 
1 'AEROSPATIALE  £  qui  a  ete  confiee  la  r esponsab i 1 i t e  de  maitre  d'oeuvre  pour  l'avionage  du  systeme. 

2.1.  Architecture  du  systeme 

L ' ar< hi t ec ture  retenue  realise  un  compromis  entre  -  d’une  part  une  structure  classique  par  liaison 
numerique  multiplexer  (data  bus)  bien  adapter  a  l'echange  d 1 i nf ormat ions  entre  equipements,  -  d’autre  part 
une  structure  respectant  le  prinrtpe  de  "segregation"  entre  equipements  dont  les  pannes  mettent  en  jeu  la 
lemr  i  t  #  de  I'avion. 


Le  synoptique  du  systeme  est  repr£sente  sur  la  figure  n°  I, 


La  liaison  numerique  serie  appelee  SIGMA  dont  la  logique  de  fonctionnement  est  du  type  NORME  MIL 
1153,  est  composee  de  2  bus  redondants.  (Voir  annexe  2), 

Chaque  bus  est  gere  par  un  calculateur  qui,  assurant  aussi  1 es  calculs  de  navigation  et  de  guidage, 
est  appele  Calculateur  de  Navigation  et  de  Guidage  (CNG) .  Les  deux  CNG  qui  font  office  de  calculateura 
principaux  se  surveillant  mutuellement  et  chacun  peut  gerer  les  deux  bus  en  cas  de  defaillance  de  1 'autre. 

Les  bus  sont  alimentes  en  donnees  primaires  issues  des  senseurs,  par  des  concentrateurs  de  donnees 
(CD)  portes  d'entree  du  systeme.  Ces  concentrateurs  effectuent  les  conversions  et  les  raises  au  format  neces- 
saires  pour  mettre  les  informations  au  standard  SIGMA,  et  assurent  le  dialogue  avec  les  CNG.  Ils  fournis- 
sent  egalement  les  informations  3  1 'ensemble  des  commandes  autoraatiques  de  vol  (CADV) . 

Le  principe  de  segregation  est  applique  aux  ensembles  de  commandes  autoraatiques  de  vol  (CADV)  et 
de  visualisation  de  pilotage,  qui  participant  a  1 'atterrissage  tout  temps  : 

-  Les  CADV  qui  comprennent  pr i ncipalement  un  calculateur  Pilote  Automatique  (PA)  raonitore 
et  un  calculateur  automanette  (AM)  egalement  monitore,  reqoivent  les  donnees  par  une  liaison  numerique 
(ARINC  429)  en  provenance  des  CD,  sans  passer  par  la  liaison  SIGMA.  (Toutefois  pour  des  phases  de  vol  non 
critiques  (navigation)  des  donnees  elaborees  par  les  CNG  arrivent  aux  CADV  via  la  liaison  SIGMA  et  les  CD). 


-  L'ensemble  de  visualisation  comprenant  deux  boTtiers  generateurs  de  symboles  (BGS)  qui 
alimentent  les  deux  collimateurs  de  pilotage  tete  haute  (HUD  en  anglais)  et  les  ecrans  tete  basse  (HDD  en 
anglais),  re^oit  les  donnees  necessaires  a  1  *  elaboration  des  images  par  la  liaison  SIGMA. 

2.2.  Composition  du  systeme 

L' architecture  du  systeme  telle  qu'elle  vient  d'etre  decrite  perraet  d'avoir  un  ensemble  operation- 
nel  apres  panne  pour  les  phases  d ' atterrissage  (CADV  passive  apres  premiere  panne  ♦  visualisation  passivee 
apres  premiere  panne  et  independance  entre  CADV  et  visualisation) . 

Pour  obtenir  un  systeme  ef f ectivement  operationnel  apres  panne  il  faudrait  toutefois  tripler  les 
elements  coramuns,  et  en  particulier  les  concentrateurs  de  donnees  et  certains  senseurs. 

Pour  des  raisons  financieres,  on  a  fait  1' impasse  sur  le  tripleraent  de  ces  equipements ,  ce  qui 
n'altere  en  rien  les  principes  et  les  resultats  de  1 'operation,  mais  ce  qui  peut  apportei  certaines  con- 
traintes  operat ionnelles  aux  essais  en  veritables  conditions  IMC. 

En  outre  on  verra  plus  loin  que  certains  traitements  de  1 ' inf orraat ion  peuvent  ^viter  le  triplement 
des  senseurs. 

Les  CD  sont  done  iimites  a  deux,  la  provision  existant  neanmoins  pour  le  troisieme,  et  en  regie 
generate  les  senseurs  sont  doubles  : 

2  centrales  a  inertie  (INS) 

2  radio  altimetres 

1  centrale  anemometrique  (ADC)  +  provision  p->ur  une  deuxieme 

2  ILS 

2  VOR 

2  DME 

2  sondes  d' incidence. 

Les  organes  de  dialogue  entre  les  operateurs  et  le  systeme  se  composent 

-  d'un  boTtier  de  reconfiguration  systeme  permettant  de  select ionner  un  CNG  ou  un  BGS 

en  cas  de  panne 

-  des  materiels  specifiques  classiques  pour  les  CADV  :  poste  d *  engagement ,  panneau  de 
commande  des  modes  superieurs  et  indicateurs  de  modes  et  de  situation  d 'atterrissage 

-  d'une  boite  de  commande  de  radio  navigation  (BCRN)  qui  permet  soit  la  commande  et 
l'affichage  manuel  des  frequences,  soit  le  passage  en  mode  de  gestion  automatique  par  les  calculateurs 
CNG  du  systeme 

-  pour  la  visualisation  de  pilotage  et  la  navigation  systeme  (executes  par  les  CNG) 
d'une  boite  de  commande  et  de  visualisation  derivee  des  CDU  (control  data  unit)  de  systemes  de  navigation 
automatisms  ARTNC  4?4  MK  1.3  comprenant  un  tube  cathodique  et  un  clavier  numerique  associe. 

Dans  une  deuxieme  phase  vers  fin  1981  sera  implante  un  organe  de  dialogue  centralise  appele  Poste 
de  Commande  Multiplexe  (PCM)  compose  d'un  tube  cathodique  et  d'un  clavier  de  touches  a  fonctions  multiple- 
xees,  permettant  la  commande  CADV  et  des  frequences  radio  en  plus  des  commandes  de  navigation  et  de  visua¬ 
lisation.  Ce  PCM  sera  associe,  pour  la  conduite  de  l'avion,  aux  organes  deja  existants  implantes  sur  le 
mane he  a  balai  : 


-  palette  de  deconnexion  reconnexion  rapide  du  PA  pour  pilotage  transparent  (type  CWS) 

-  commandes  incrementales  des  modes  de  base  du  PA  (assiette  et  route  dans  un  premier 
temps,  pente  et  route  dans  un  deuxieme  temps)  utilisant  la  commande  de  trim  ("sapin"  de  trim  )  par  impul 
sions  courtes  calibrees  ou  par  rampes  calibrees  (impulsion  prolongee). 


L 


J 
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2.3.  Installation  d'essai 

2.3.1.  Croupe  auxiliaire  de  puissance  (auxilliary  power  unit  APU) 

La  Caravelle  ALIS  a  ete  equipee  d 'un  APU  de  40  kw  assurant  la  ventilation  au  sol  des  equipe- 
ment,  et  la  generation  electrique  de  tout  le  systeme  en  essais(dans  tout  le  domaine  de  vol)  indepen- 
detriment  de  ia  generation  normale  de  1* avion  "de  base". 

2.3.2.  Poste  de  pilotage  (voir  figure  2) 

Le  poste  de  pilotage  de  la  Caravelle  a  ete  assez  prof ondement  modifie.  Les  nouveaux  organes 
de  conmande  et  de  visualisation  ont  ete  chaque  fois  que  possible,  soit  doubles,  soit  mis  a  disposition 
des  deux  places  pilote  (2  HUD,  2  HDD  +  provision  pour  un  troisieme,  2  BCRN,  un  bandeau  PA  au  milieu). 

Un  seul  CDU  systeme  est  implante  en  place  gauche,  mais  dans  la  deuxieme  phase  il  est  prevu  deux  PCM 
en  poste  de  pilotage. 

Cependant  la  place  gauche  a  ete  plus  specialement  eonque  pour  l'essai  du  systeme,  et  la 
place  droite^pour  la  pilote  "de  securite".  En  particulier  on  trouve  en  place  gauche  des  instruments 
de  pilotage  electromecaniques  a  entree  numerique  (ADI,  anemoraachmetre ,  altitnetre)  tandis  qu'en  place 
droite  ont  ete  conserves  les  instruments  d’origine  de  lfavion  de  base,  independants  du  systeme  en 
essais . 

2.3.3.  Cabine 

Les  equipements  composant  le  systeme  sont  loges  dans  des  armoires  adaptees,  ou  ils  sont 
finaleraent  accessibles  pour  toute  intervention. 

On  trouve  en  outre  en  cabine  : 

-  un  poste  ingenieur  d'essai  reproduisant  part iel lement  le  poste  pilote,  avec  les  princi- 
paux  instruments  de  pilotage,  le  deuxieme  CDU,  un  HDD,  et  un  moniteur  de  television  retransmet tant  tout 
ce  que  voit  le  pilote  a  travers  son  HUD. 


d ' essai . 


Les  commandes  de  la  generation  electrique  d'essai  sont  aussi  regroupees  au  poste  ingenieur 


-  un  poste  "mise  en  oeuvre"  a  partir  duquel  des  verifications  de  f one t ionnerent  des 
divers  equipements  composant  le  systeme  sont  possibles 

-  un  poste  "installation  de  mesure"  qui  regroupe  les  commandes  et  les  vi sual isat ions  de 
1 ’ instal lation  de  mesure  et  de  dialogue  avec  le  calculateur  de  mesure,  un  enregistreur  graphique  et 
les  visualisations  numeriques. 

2.3.4.  Installation  de  mesure 

Un  systeme  d' acquisition  numerique  decentralise  de  type  B.O.A.  permet  1 'acquisition  des 
informations  circulant  sur  les  diverses  liaisons  numeriques  du  systeme  (bus  SIGMA  et  liaisons  ARINC) 
ainsi  que  les  parametres  numeriques  ou  analogiques  entrant  dans  les  concentrateur s  de  donnees.  En 
outre  sont  acquis  les  principaux  parametres  avion. 

Les  donnees  sont  enregistrees 

-  soit  sur  enregistreur  graphique  pour  visualisation  immediate 

-  soit  sur  enregistreur  numerique  a  cassette  pour  preexploi tat  ion  rapide 

-  soit  sur  enregistreur  numerique  classique  pour  exploitation  complete  en  temps 

d if  f  ere . 

Une  station  de  mise  au  point  des  logiciels  du  calculateur  de  mesure  (identique  aux  CNG)  qui 
peut  rester  a  demeure  sur  1 'avion  mais  est  utilisee  exc lusivement  au  sol,  permet  de  plus  la  preexploi¬ 
tation  de  1 ' enregi streur  a  cassette. 

En  outre  3  magnetoscopes  enregistrent 

-  ce  que  voit  le  pilote  dans  le  HUD  (symbologie  +  vision  extirieure) 

-  la  visualisation  HDD 

-  les  gestes  du  pilote. 

II  est  egalement  prevu  d ' enregi strer  dans  certaines  phases,  grace  &  un  systeme  dit  oculo- 
metre,  1'endroit  precis  ou  se  porte  le  regard  du  pilote. 


3.  ESSAIS  EN  VOL 


3.1.  Mise  au  point  de  la  plateforme  d'essai 


Avant  d'evaluer  1 'apport  du  systeme  integre  en  tant  que  tel,  il  faut  verifier  que  son  fonction- 
nement  est  bien  conforme  h  ce  que  l'on  en  attend. 

C'est  cette  phase  de  mise  au  point  et  de  verification  qui  est  actuellement  en  cours,  et  qui 
inclut  1 ' instal lat ion  d'essai. 


l,e  f one t ionnement  individual  des  composants  du  systeme  est  verifie,  puis  on  examine  la  dia¬ 
logue  entre  les  equipements,  qui  constitue  en  fait  le  t one t ionnement  du  systeme. 

Ces  essais  devant  couvrir  tout  le  domaine  de  voi  iont  assez  longs  a  realiser.  Commences  en 

juillet  80  par  la  mise  au  point  de  I'APU  ils  devraient  s’aehever  en  mai  81  apres  la  raise  au  point  du 

pilote  automatique  et  son  integration  a  1 'ensemble,  qui  constitue  la  tache  la  plus  longue  de  certe  pre¬ 
miere  phase. 

3.2.  Augmentation  des  eapacites  operat ionnel les 

Le  couplage  des  informations  de  navigation  des  deux  centrales  a  inertie,  avec  celles  des  couples 
de  balises  DME  -  DME  ou  VOR/DME,  fournit  une  navigation  preci se (f rac t ion  de  nautique),  surtout  en  zones 
terminales,  ou  les  balises  sont  plus  norabreuses.  Le  systeme,  qui  choisit  le  couple  de  balises  le  mieux 
place  par  rapport  a  1 'avion  pour  recaler  la  navigation  inertielle,  placera  1 'avion  dans  de  bonnes  condi¬ 
tions  pour  entreprendre  des  approches  IFR  sur  terrains  faiblement  equipes. 

L'association  d'une  visualisation  de  pilotage  tete  haute  et  de  coraroandes  increraentales  des  va- 
leurs  de  consignes  des  ro.-des  de  tenue  de  pente  et  de  route  du  pilote  automatique,  doit  permettre  avec 
I'aide  supplemental  re  de  1 'automanette  le  suivi  d'une  trajectoire  d'approche  definie  en  pente  et  en  route 
independamment  de  toute  information  au  sol.  La  hauteur  jusqu'a  lsquelle  cette  trajectoire  pourra  etre 
poursuivie  avant  d'acquerir  les  reperes  au  sol  permettant  la  poursuite  a  vue  de  l'approche  et  l'atterris- 
sage  sera  definie  au  cours  des  essais. 

Pour  un  terrain  sans  installations  II-S  l'objectif  est  a  priori  la  hauteur  de  200  pieds  (approche 
IFR  categoric  I ) . 

Bien  evidemment  des  essais  seront  egaleme.it  effectues  sur  des  terrains  equipes  d'lLS  de  catego- 
rie  1,  2  et  3,  ou  les  informations  ILS  pourront  etre  utilisees  par  le  systeme,  en  couplage  avec  ses 
donnees  propres,  assurant  ainsi,  en  particulier  pour  les  ILS  les  moins  performants,  un  filtrage  des  informa¬ 
tions  . 

Le  systeme  sera  alors  utilise  avec  les  modes  superieurs  du  PA,  la  visualisation  tete  haute  ser¬ 
vant  a  surveiller  celui-ci  pendant  toute  la  phase  d'approche  et 

-  soit  a  assurer  la  transition  et  1 'execution  de  la  finale  en  pilotage  manuel  a  vue 
(approches  categoric  2) 

-  soit  a  aider  a  la  decision  de  poursuite  ou  de  remise  de  gaz  au  passage  de  la 
hauteur  de  decision  pour  les  approches  en  categorie  3. 

Dans  tous  Its  cas  precedents,  differents  couplages,  f i gurat i onsf et  lois  de  pi  1 otage, seront  compa¬ 
res  pour  optimiser  le  systeme  et  about ir  aux  minimums  operat ionnel s  les  plus  bas. 

II  faut  noter  que  dans  le  cas  present  de  la  Caravel!  «•  AL1S  il  ne  s'agit  pas  de  refaire  des  essuis 
de  PA  ou  de  HUD  qui  ont  deja  etc  mcnes  sur  d'autires  avions  du  (’EY,  mais  de  faire  les  essais  d'un  systeme 
complet ,  chaque  dispositif  d'aide  au  pilotage  ne  trouvant  sa  pleine  efficacite  qu'au  sein  du  systeme 
global . 

3.3.  Optimisa* ion  du  dialogue  pilote  /  systeme 

Un  des  objectifs  importants  du  systeme  est  do  liberer  le  pilote  de  certaines  taches  "tactiques” 
liees  aux  qualites  de  vol  de  1 'avion  tel  les  que  le  suiv*  d'une  trajectoire,  pour  lui  permettre  de  se 
consacrer  aux  decisions  "strategiques"  telles  que  le  choix  de  la  trajectoire  ou  la  decision  de  poursuite 
de  la  phase  d 'atterr issage .  (D'ou  1 ' importance  des  commandos  de  type  incremental  permettant  la  modifi¬ 
cation  rapide  d'une  valeur  de  pente  ou  de  route,  le  PA  se  chargeant  de  maintenir  la  valeur  choisie  ou 
d'effectuer  la  modification  demandee) . 


Mais  pour  atteindre  ce  but,  il  est  necessaire  de  disposer  d'organes  de  command e  et  de  visua¬ 
lisation  qui  soient  facilement  utilisables  et  qui  n'apportent  pas  de  charges  nouvelles  a  1 'equipage.  11 
semble  part icul ierement  important  que  1'affichage  d'un  paramo t re  se  fasse  de  faqon  unique,  meme  s'il 
intervient  dans  plusieurs  equipements  differents  :  ainsi  1'affichage  d'une  route  command ee  par  le  PCM  ou 
par  la  commando  incrementale  sur  le  mane he,  doit  reagir  sur  le  PA,  et  sur  la  figuration  HUD  et  HDD  aussi 
bien  que  sur  l'ecran  cathodique  du  PCM. 

Les  essais  du  CDU  type  ART'R'  1.1  dans  la  phase  transitoire,  puis  du  poste  do  commande  multi¬ 
plex*'  (P CV)  ensu i te , seront  orientes  vers  devaluation  de  ces  charges. 

On  examinera  en  particulier  1* influence  de  1 ' integrat ion  de  eommandes  du  1:A  dans  le  PCM  sur  la 
rapidite  d' act  ion  du  pilote.  De  meme  la  commande  des  frequences  de  radiocommunication  et  de  radionavigation 
a  partir  du  PCM  sera  comparee  a  la  commande  a  partir  des  boTtiers  actuels. 

3.4.  Optimisation  des  redondances 

La  securite  des  aeronefs  impose  le  plus  souvent  un  doublement  et  memo  un  triplement  de  certains 
senseurs  ou  de  certains  equipements. 

La  capacite  d'un  systeme  integre  a  faire  circuler  des  informations  et  a  les  trailer  peut  supprimer 
certaines  redondances,  soit  en  surveillant  les  evolutions  de  parametres  dont  on  connait  a  priori  les  limi¬ 
tations  en  bande  passante,  soit  en  rec >upant  les  valours  de  parametres  de  nature  differente,  mais  non  inde¬ 
pendant  entre  eux  (lies  generalement  par  les  lois  de  l ' aerodvnam i que  et  de  la  mecanique  du  vol  pour  les  para¬ 
metres  f ondamentaux ) . 
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Ainsi  les  calculateurs  principaux  du  systeme  (CNG)  effectuent  des  calculs  de  surveillance  sur 
1 'evolution  des  assiettes  et  des  accelerations  de  1' avion,  et  des  calculs  de  vraisemblance  entre  1* inci¬ 
dence,  la  vitesse  aerodynamique,  la  vitesse  verticale  et  l'assiette  longi tud inale . 

Ces  traitements  permettent  lorsque  des  valeurs  entre  deux  senseurs  depassent  un  certain  seuil, 
de  determiner  lequel  est  faux,  sans  recourir  a  la  valeur  d'un  troisierae  senseur . 

Les  essais  en  vol  devront  determiner  les  seuils  praticables  et  verifier  les  capacites  de  detec¬ 
tion  d'erreurs. 

Si  les  resultats  sont  positifs,  des  etudes  d'extension,  des  verifications  par  calculs  de  vrai¬ 
semblance  pourront  etre  poursuivies. 

3.5.  Methodes  devaluation 


Comme  il  a  dej£  ete  dit  une  caracter is t ique  importante  de  1 ’ experimentation  est  de  s’attacher 
aux  resultats  globaux  et  non  aux  performances  de  tel  ou  tel  equipement.  Parmi  les  grandeurs  mesurables 
representatives  de  cet  aspect  global,  on  s * interessera  en  premier  lieu  a  la  trajectoire  de  l'avion  et  a 
ses  ecarts  par  rapport  a  la  trajectoire  optiroale  (roulage  inclus),  ainsi  qu'a  la  maniere  dont  il  parcourt 
sa  trajectoire  (incidence,  vitesses,  facteur  de  charge). 

On  mesurera  aussi  les  temps  de  decision  dans  les  differentes  phases  de  vol,  definir  par  les 
delais  entre  1’ instant  theorique  ou  la  decision  peut  etre  prise,  (arrivee  des  informations  necessaires 
sur  les  interfaces  avec  le  pilote)  et  le  debut  d'execution  par  le  pilote  des  actions  consecutives  a  la 
decision  (action  sur  les  commandes  de  l'avion  ou  sur  les  postes  de  commande  du  systeme,  annonces  verbales) . 

D'autres  resultats  seront  d'ordre  qualitatifs,  comme  la  nature  des  decisions  prises,  le  taux 
d'erreur  de  manipulation,  les  avis  des  pilotes  sur  ’a  disponibilite  de  decision,  la  "mise  dans  la  boucle 
de  pilotage"  et  la  facilite  d'execution  des  actions. 

D'autre  part,  1 ' enregistrement  des  gestes  du  pilote  et  du  balayage  du  regard  donneront  des  indi¬ 
cations  sur  la  nature  et  le  volume  de  la  charge  de  travail. 

Si  des  premiers  resultats  quantitatif s,  il  est  aise  de  tirer  des  mesures  de  performances,  il  sera 
plus  difficile  d’evaluer,  a  partir  de  1 'ensemble  des  resultats.  des  ;ndications  sur  les  gains  de  securite 
des  vols. 


En  effet  si  la  probability  de  panne  d'un  composant  du  systeme  ou  de  l'avion  peut  etre  evaluee, 
ainsi  que  ses  consequences  notamment  dans  les  phases  de  pilotage  automatique,  il  est  toujours  difficile 
d'evaluer  la  capacite  du  pilote  a  faire  face  a  un  evenement  iroprevu,  et  la  realisation  au  simulateur  et  a 
plus  forte  raison  en  vol,  de  telles  situations  est  delicate  et  ne  peut  etre  repetitive  ^i  l'on  veut  garder 
le  caractere  imprevu  de  l'evenement. 

Une  reflexion  sur  la  nature  des  informations  accessibles  au  pilote  et  sur  la  nature  de  sa  charge 
de  travail  doit  done  etre  mer.ee  paral  le  lenient  aux  resultats  que  l'on  peut  obtenir. 


•j* 
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4.  CONCLUSIONS 


Apres  la  mise  au  point  en  vol  de  l'outil  que  represent  la  Caravelle  ALIS,  et  dont  1 'achevement  de- 
vrait  avoir  lieu  dans  le  deuxieme  trimestre  81,  une  premiere  tranche  devaluation  s'etendra  jusqu'a  la  fin  81. 

A  1' issue  de  cette  tranche  d'essais,  un  chantier  interviendra  pour  effectuer  la  mise  en  place  d'equi- 
pements  non  encore  disponibles  aujourd'hui  et  en  particulier  le  poste  de  commande  multiplex*?  et  des  equipements 
radiocoirenunication  commandables  par  le  PCM. 

D'autres  modifications  pourront  intervenir  en  fonction  des  premiers  resultats  obtenus  ou  des  nouvel- 
les  etudes  en  cours. 

En  effet  la  conception  et  1 ' archi tecture  du  systeme  permettent  d'envisager  1 ' integrat ion  de  fonc- 
tions  nouvelles.  Parmi  celles-ci  on  peut  deja  citer 

-  l'approche  MLS  en  pilotage  manuel  (pour  laquelle  la  figuration  d ' intercept  ion 
d'axe  de  type  VEGA  deja  programmee  peut  etre  essayee) 

-  le  vol  en  croisiere  economique  (Flight  Management) 

-  l'etude  de  lois  de  montee  optimales  adaptables  aux  avions  d'armes  (vols  a  point 

de  polaire  constant). 

Tous  ces  developpements  seront  menes  avec  le  souci  d'adjonction  du  plus  petit  volume  d ' equipements 
supplementaires  et  d ' u t i 1 isat ion  maximale  des  parametres  existants  et  des  calculs  deja  effectues. 

Des  modifications  d ' archi tec ture  pourront  egalement  intervenir  si  certains  problemes  de  redondance 
sont  regolus  (couplage  des  CADV  aur  le  bus  SIGMA). 

La  capacite  du  systeme  a  absorber  sans  trop  de  difficultes  ces  problemes  nouveaux  sera  l'un  des 
meilleurs  tests  de  la  souplesse  et  de  I'interet  de  la  conception  du  systeme. 
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ANNEXE  1 


REFERENCES  DES  PRINCIPAUX  EQUIPEMENTS  C0NSTITUT1FS  DU  SYSTEME 


ti  N  G 

8  G  S 

HUD 

HDD 

C  A  D  V 
(PA  et  AM) 

C  D 

INS 

ADC 

D  M  E 

V  0  R 

I  L  S 

R  A 


-  Calculateur  de  navigation  et  de  guidage  -  Constructeur  SFENA 
Ref.  UMP  7.800 

-  Boitier  gen^rateur  de  symbole  -  Constructeur  TH  /  CSF 
Ref.  BGS/ALIS 

-  Collimateur  tete  haute  (Head  Up  Display)  -  Constructeur  TH  /  CSF 
Ref.  TC  125  monochrome 

-  Visualisation  tete  basse  (Head  Eovm  Display)  -  Constructeur  TH  /  CSF 
Ref.  VMC  210  B  trichrome 

-  Commandes  automatiques  de  vol  -  Constructeur  SFENA 

Ref.  A  40  A  avec  calculateur  PA/Directeur  de  vol  BI85AAM 
et  calculateur  Automanette  BI86AMM 

-  Concentrateur  de  donnees  -  Constructeur  SF1M 
Ref.  UTG10I+VAM  25/2 

-  Centrale  a  inertie  (Inertiel  Navigation  Systeme)  -  Constructeur  SAGEM 
Ref.  ULISS  46 

-  Centrale  aerodynamique  (Air  Data  Computer)  -  Constructeur  CROUZET 
Ref.  70  G 

-  Interrogation  DME  -  Constructeur  LMT 
Ref.  3574  D 

-  Reception  VOR  -  Constructeut  EAS 
Ref.  DVR  740 

-  Reception  ILS  -  Constructeur  BENDIX 
Ref.  RIA  33  A 

-  Radio-altimetre  -  Constructeur  TRT 


Ref.  AHV  5 
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ANNEXE  2 


RAPPEL  DU  PRINCIPE  DU  BUS  SIGMA 


Le  Bus  SIGMA  est  confcrme  aux  recommandat ions  du  Coraite  Technique  Integration  (2£me  edition  Mars 
1975).  Les  principales  caracteristiques  sont  Xes  suivantes  : 

.  Transmission  serie 

.  Structure  £  derivation  sur  ligne  bidirectionnelle 
.  Capacite  32  .abonnes  ou  unites 

.  Rythme  de  1  M  Bits  par  seconde  (S  ♦  1%)  -  Code  Manchester 
biphase  (trois  niveaux  ♦  3  volts,  0  volt,  -  3  volts  d  +  0,3  Vpres) 

.  Support  paire  torsadee  blindee  de  longueur  100  m  au  maximum 
.  Message  compose  d'octets  assembles  en  nombre  variable 
.  Protection  des  echanges  par  parit€s  croisees 

.  Protection  contre  les  courts-circuits  et  isolement  par  transformateur  des 
derivations 

.  Procedures  &  1* initiative  de  l1  une  des  Unites  (Unite  de  Gestion)  en  mode 
commandes-reponse 
.  Niveau  de  redondance  acceptable. 

1.  DEFINITIONS 

1.1.  Unite  Peripherique  ou  de  Gestion  (UP  ou  UG) 

Nom  donne  &  toute  unite  branchee  sur  la  ligne  Bus.  L'unite  de  gestion  qui  assure  la  gestion 
travaiile  en  mode  Mattre,  les  unites  per ipher iques  en  mode  Esclave . 

La  gestion  peut  etre  centralisee  :  la  gestion  se  fait  par  une  seule  unite  ou  groupe  d'unites  si 
la  redondance  est  necessaire. 

La  gestion  peut  etre  decentral isee  :  la  gestion  est  assuree  a  tour  de  role  par  diff€rentes 
unites  qui  sont  a  tour  de  role  MaTtre  ou  Esclave. 

1.2.  Coupleurs 

Nom  donne  a  des  ensembles  fonctionnels  faisant  partie  des  unites  decrites  precedenment . 

1.2.1.  Coupleur  de  bus  -  C.D.B, 

Le  C.D.B.  assure  toutes  les  fonctions  liees  a  la  transmission  par  ligne  Bus. 

II  peut  etre  tour  a  tour  Mattre  (coupleur  de  l'U.G.)  ou  Esclave  (coupleur  de  l'U.P.). 

1.2.2.  Coupleur  sous-systeme  C.S.S. 

Le  C.S.S.  assure  l’adaptation  entre  un  ou  plusieurs  sous-systemes  standards  et  le  C.D.B. 

Le  C.S.S.  peut  etre  limite  a  quelques  modules  ou  ne  pas  exister  si  la  compatibilite  entre 
le  C.D.B.  et  le  sous-systeme  qu'il  connecte  au  Bus  est  assuree. 

1.3.  Boitiers  de  Derivation 

Dispositif  de  connexion  du  C.D.B.  sur  la  ligne  Bus. 

11  existe  deux  types  : 

.  B.D.  -  utilises  pour  la  connexion  de  toutes  les  unites  sur  la  ligne  sauf  les  unites  terminaies. 
.  B.D. A.  -  utilises  pour  les  connexions  des  unites  terminaies,  ils  comportent  le  dispositif 
d 'adaptat ion. 

Ces  bottiers  sont  proteges  contre  les  courts-circuits,  en  cas  de  court-circuit  sur  une  deriva~ 
tion  le  niveau  du  signal  sur  la  ligne  ne  doit  pas  chuter  de  plus  de  107.  Un  isolement  galvanique  tant  & 

1 'emission  qu la  reception  doit  etre  prevu. 

2.  CARACTF.R  1ST  IQUES  DES  ECHANGES 


2.1.  Def i ni t i ons 


Caractere 


Element  constitue  d'un  nombre  fixe  indissociahles  &  la  transmission. 


.  Message  :  Ensemble  de  caracteres  transitant  sur  le  Bus  en  un  seul  bloc  et  dans  un  seul  sens. 

.  F.change  :  Ensemble  de  messages  transitant  sur  le  Bus  5  partir  d'une  seule  initiative  de  l’Unit£ 
g£rant  le  Bus. 


'i  * 
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2.2.  Principe  des  echanges 

2.2.1.  Initiative  des  echanges 

Dans  une  phase  determine,  les  echanges  s'effectuent  sous  le  controle  d'un  maitre  unique 
(U.G.)  en  mode  Comnande/R€ponse .  Cela  veut  dire  qu'une  U.P.  n'a  le  droit  d'6mettre  que  si  elle  a  £te 
interrogee  par  I 'U.G. 

2.2.2.  Origine  et  destination 

Les  transferts  d ’ inf ormat ion  se  font  de  trois  fa£ons  : 

1/  -  U.G.  &  U.P. 

2/  -  U.P.  a  U.G. 

3/  -  U.P.  a  U.P. 

2.2.3.  Type  d'adressage 

Deux  types  sont  prevus  : 

.  Adreasage  individuel  :  une  seule  U.P.  est  destinataire 
.  Adreasage  general  :  tous  les  U.P.  sont  destinataires . 

2.2.4.  Synchronisation 

1/  Horloge  de  base  :  La  ligne  Bus  fonctionne  de  maniere  asychrone  en  mode  "Half  duplex". 

Cet  asychronisme  implique  une  horloge  dans  chaque  unite. 

21  Temps  de  reponse  d'une  U.P. :  Le  temps  s'ecoulant  a  la  suite  d'une  commande  de  l'U.C. 
entre  le  dernier  bit  du  message  requ  et  le  debut  du  message  de  reponse  doit  etre  inferieur  A  20ys. 

3/  Synchronisation  de  messages  :  Elle  est  assuree  par  un  code  invalide  correspondant  au  co- 
dage  d'un  bit  1  en  code  Manchester  biphase  durant  3  temps  de  bits. 

2.2.5.  Format 

1/  Forr-at  de  caracteres  :  Chaque  caractere  est  consittue  d’un  octet  d ' inf ormat ion  suivi 
d'un  bit  de  parite  transversale  tel  que  le  nombre  de  1  dans  1 'ensemble  des  9  bits  soit  impair. 

2/  Format  des  messages  :  Chaque  message  comprend  : 

-  un  code  de  synchronisation  :  SY 

-  un  caractere  de  procedure  :  PROC 

-  un  nombre  variable  de  caracteres  d ' informations  banal ises  (corapris  entre  0  et  n)  :  INF 

-  un  caractere  de  parite  longi tudinale  :  PL 

-  chaque  message  est  suivi  d'un  blanc  d'une  duree  au  moins  egale  S  4  micro-secondes . 


/ 

/ 
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SUMMARY 

The  tremendous  progress  in  microprocessor  technology  and  digital  data  processing  has 
caused  a  trend  towards  high  sophisticated  avionic  systems  with  decentralized  system 
architecture.  A  report  will  be  given  on  the  experience  gained  in  developing  and 
testing  of  a  navigation  system  based  upon  terrain  correlation.  A  dedicated  ground 
based  data  management  system  and  special  test  methods  have  been  developed  to  perform 
flight  tests.  Furthermore  typical  flight  experiments  will  be  discussed. 
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.  Introduction 

The  trend  from  centralized  avionic-processing-system  towards  so  called  highly  sophisti¬ 
cated  systems  with  distributed  microprocessor  based  architecture  in  future  navigation 
and  flight-control  systems  has  resulted  from  the  tremendous  progress  made  in  micropro- 
sessor-technology  and  in  development  of  new  mass  memory  devices.  In  this  context  one 
could  remember  the  availability  of  high  speed  single-chip-microprocessors  and  highly 
integrated  bubble-memory-circuits  for  application  in  digital  avionic  systems. 

Classical  real-time  solutions  to  problems  involving  complex  mathematical  realation- 
ships  can  be  performed  by  parallel  computation  and  parallel  processing  in  a  micropro¬ 
cessor  system  with  decentralized  architecture.  The  discussed  TERPAC-avionic-system 
tested  in  an  experimental-program  is  an  example  of  this  system  architecture. 

The  inter-communication  between  the  autonomous  microprocessor  systems  is  guaranteed 
by  a  high-speed  multiplex-data-bus . 

A  great  amount  of  digital  data  are  stored  aboard  in  a  non  volatile  magnetic-bubble- 
mass  memory,  which  retains  the  information  through  many  power  cycles. 

Further  advantages  of  distributed  microprocessor  based  architecture  realized  and 
tested  in  the  following  TERPAC-avionic-system,  are  discussed  in  Chapter  3. 

Since  the  seperate  hardware  and  software  modules  are  capaple  of  being  tested  indepen¬ 
dently  from  one  another,  the  simple  test  capability  of  this  distributed  architecture 
is  of  great  Importance,  particularly  during  the  integration  and  experimental  phase. 
Dedicated  test  equipment  which  has  also  been  developed  in  the  experimental  program  is 
required  to  perform  the  pre-flight  and  in-flight  test  procedures. 


2 .  TERPAC-system 

Navigation  and  control  of  aircraft  and  missiles  will  be  considerably  improved  by  using 
information  of  the  over-flown  terrain  stored  in  the  microprocessor  based  avionic 
system.  Such  a  terrestrially  aided  navigation  and  flight  control  system  like  TERPAC 
(fig.  1)  offers  the  following  principle  modes  of  execution: 

-  inertial  mode 

-  TERCOM-position- fix-mode 

-  SZEKOR-position-f ix-mode 

-  terrain-following  /avoidance-continuous  mode 

In  the  inertial  mode  the  kalman-f iltered  basic  navigation-system  is  responsible  for 
holding  of  the  course  when  position-fix-outputs  are  not  available. 

In  the  two  position-fix-modes  the  navigation  accuracy  is  improved  by  an  automatic 
comparison  (correlation)  of  an  actual  signature  of  the  terrain  contour  with  a  reference 
signature.  In  the  case  of  terrain-profile  correlation  (TERCOM)  the  actual  position  of 
the  vehicle  is  computed  by  matching  the  scanned  terrain  signals  with  digitized 
terrain  values,  stored  in  the  TE RP AC -mass -memory .  In  the  case  of  scene-correlation 
(SZEKOR)  the  comparison  is  performed  between  an  actual  image  of  the  terrain-contour 
taken  with  on  image-making  sensor  and  a  stored  reference  image.  Wether  the  position- 
fix-system  is  running  in  a  single-fix-  or  in  a  quasi  continuous  mode  depends  on  the 
significance  of  the  over  flown  terrain. 

On  the  other  hand  the  terrain-following-system  will  be  provided  with  the  stored  terrain- 
data  in  the  fourth  mode  in  order  to  optimize  the  reference  flight  path  against  the 
actual  flight  path  by  means  of  software.  The  "critical"  point  on  the  terrain  ahead  of  the 
vehicle  predicted  by  the  TERPAC-system  and  the  optimal  flight  path  are  computed. 

The  optimal  flight-path  is  as  close  to  all  stored  terrain-grid-points  as  practical 
for  controlling  the  minimum  clearance  above  the  terrain.  The  TERPAC-based  terrain¬ 
following-system  will  also  be  used  as  back-up-system  for  a  radar-aided  terrain  - 
following- system. 

The  block-diagram  in  figure  2  shows  the  principle  data  flow  and  the  control  functions 
of  the  TERPAC-system. 

The  terrain-map  mass-memory  and  the  digitized  terrain-data  stored  in  it  serve  as  the 
basic  data-source  both  for  the  position-fixing-system  and  for  the  terrain-following/ 
avoidance-system.  In  addition,  the  digitized  terrain-data  may  be  pre-processed  for 
projection  on  a  digital-map-display  instead  of  an  analogous  device  or  for  obstacle 
warning  to  the  pilot. 

The  TERPAC-processor  as  a  central  processing  unit  computes  in  a  recursive  manner  the 
actual  position  by  correlation-algorithms  and  in  a  predicting  manner  the  reference 
flight-path  by  optimizing  algorithms. 

The  differential  output  signals  generated  in  the  tracker  software  module  by  comparison 
of  the  predicted  reference  flight  path  with  the  actual  flight  path  are  fed  to  the 
flight  control  system. 

Switching  over  from  one  mode  of  action  and  the  inherent  sensor  subsystem  to  another 
will  be  controlled  prior  to  data  pre-procesing . 

The  second  TERPAC-  mode  (TERCOM-position-f ix)  is  discussed  in  more  detail  below, 
to  report  about  experience  gained  in  an  experimental-program  Lo  test  a  combined 
navigation-system  consisting  of: 

-  inertial  measurement  unit 

-  radar  altimeter  subsystem 

-  data  pre-processing  modul 

-  TERPAC-processor 

-  terrain-mass-memory 

-  kalman-f i Iter 

Fig.  3  shows  the  typical  measurement  behaviour  of  an  inertial  navigation  system  without 
and  with  TERPAC-f ixes .  The  position  error  increases  proportionally  to  the  time  flown 
after  launch.  The  overall  navigation  accuracy  is  considerably  improved  by  feedback 
of  TERPAC-f ixes  over  a  kalman  filter  to  the  outputs  of  the  inertial  measurement  unit. 

The  resulting  position  accuracy  is  in  the  order  of  JTIDS-perf ormance  para¬ 

meters  . 
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Furthermore  the  error  behaviour  of  a  TERPAC  aided  inertial  navigation  system  is  inde¬ 
pendent  of  the  travelling  time  and  thus  of  the  range  in  the  operational  case. 

The  values  of  clearance  altitude  and  the  altitude  above  datum-plane  are  continuously 
measured  by  the  radar  altimeter  and  the  baro  aided  vertical  channel  of  the  intertial 
measurement  unit  (fig.  4),  and  are  simultaneously  stored  in  a  pre-processing  stage. 

After  pre-processing  (noise-filtering,  data  reduction,  time  synchronisation)  the  measured 
terrain  profile  is  generated  as  differential  signal  and  fed  to  the  TERPAC-cor relator 
stage. 

This  processing  method  guarantees  that  the  motion  of  the  vehicle  in  the  vertical 
plane  is  eliminated,  ensuring  that  additional  terrain  elevations  cannot  be  simulated. 
These  additional  terrain-elevations  could  reduce  the  resulting  position-fix  accuracy 
of  the  TERPAC-aided  inertial  navigation  system. 

On  principle  the  TERPAC-system  can  be  applied  to  manned  or  unmanned  vehicles,  but  the 
requirements  differ  greatly.  In  contrast  to  a  preplanned  mission  with  preplanned 
flight  path  in  missile-guidance,  the  TERPAC-system  must  guarantee  maximum  flexibility 
and  will  be  subordinated  to  the  basic  navigation  system  in  manned  aircraft. 

The  following  reqirements  are  typical  for  application  in  manned  aircraft: 

-  variable  track  angles 

-  no  limitted  flight-envelopes 

-  course  correction  during  TERPAC- updates 

Fig.  5  shows  the  principal  data-flow  of  the  combined  navigation  system.  The  overflown 
terrain  contour  is  calculated  from  the  differential  output  signal  of  baro  sensor  and 
the  platform  vertical  channel  and  from  the  radar  altimeter  outputs.  The  actual  position 
of  the  vehicle  corresponds  to  the  correlation  maximum,  computed  in  the  TERCOM  unit. 

Not  only  the  accuracy  of  the  position  outputs  is  improved  updating  by  means  of  kalman 
filtering,  but  also  of  velocity  and  attitude  angle  components. 

3 .  Avionic  system  architecture 

The  TERPAC-  navigation-system  (fig.  6)  consists  of  the  following  autonomous  sub-systems: 

-  altitude  measurement  unit 

-  terrain  correlation  system  (mass-memory,  correlator) 

-  baro-sensor 

-  inertial  measurement  unit 

-  kalman  filter 


Further  parts  of  this  communication  system  are  the  telemetry  and  the  test  terminal. 

The  test  terminal  gives  a  flexible  data  management  capability,  which  provides  the 
system  on  board  of  the  aircraft  with  terrain  map  data  and  test  stimuli  during  the  pre¬ 
flight  phase  via  a  data  line  up  to  30  metres.  During  the  in-flight  phase  the  error 
status  of  the  realtime  system  is  supervised  via  the  telemetry  terminal. 

The  autonomous  sub-systems  are  inter-connected  via  a  multiplex  data  bus  of  1  MHz  rate. 
The  data  duty  cycle  is  considerably  reduced,  because  only  the  directly  usable  outputs 
are  transmitted  between  the  sub-systems.  This  data  reduction  is  abtained  by  realtime 
pre-processing  of  the  independent  sof tware-tasks  by  microprocessors  within  the  termi¬ 
nals  of  each  autonomous  sub-system. 

Owing  to  the  high  data  rates  during  the  correlation  process  on  the  one  hand  and  the 
urgency  of  time  synchronization  of  altitude  measurement  on  the  other  hand,  subsystems 
one  and  two  are  inter-connected  via  a  high-speed  correlator  bus.  The  I/0-control  bet¬ 
ween  the  hierarchically  structured  multi-data-bus-system  is  performed  by  terminal  A. 

This  distributed  microprocessor  based  architecture  proved  successful  in  the  early 
development  and  integration  phase  of  the  experimental-program  (fig.  7). 

The  development  was  efficient  by  breaking  the  total  function  of  the  TERPAC-avlonlc- 
system  down  into  autonomous  subsystems  with  independent  software  modules  processed  in 
parallel  by  standard  microprocessors  and  by  defining  simple  standarized  I/O-inter- 
faces.  The  constructed  modularity  allows  hardware  and  software  elements  to  be  modi¬ 
fied  simply  and  quickly. 

Uncritical  software  timing  and  asynchronous  operation  are  further  advantages  of  the 
realized  avionic  architecture. 


The  clear  arrangement  of  the  hardware  and  software  structure  permits  a  greater  degree 
of  subsystem  check-out  and  a  simple  system  testing  procedure  in  the  integration  and 
testphase . 

The  subsystems  have  been  separately  tested  like  stand  alone  systems  in  the  course  of 
stepwise  integration  into  the  total  system. 

It  has  thus  been  possible  to  isolate  the  problems  of  digital  signal  processing  by 
multiplex-da ta-bus  from  those  of  software  computation  of  the  sub-systems. 

4 .  Ground  based  data  management  system 

Prior  to  the  test  flight  the  ground  based  data  management  system  (fig.  8)  mainly  pro¬ 
vides  the  highly  sophisticated  TERPAC-system  with  pre-processed  terrain-map  data  and 
additional  test  data.  Typical  flight  test  data  are; 

-  packed  terrain  elevation  data 

-  map  header  data 

-  way  point  coordinates 

-  subsystem  test  data  strips 

In  addition  to  these  test  data  test  stimuli  are  transmitted  in  order  to  initialize 
bite-tasks  in  the  application  software  of  the  TERPAC-system.  The  results  of  the  test 
computation  are  transmitted  back  to  be  valued  by  the  system  engineer  on  a  display. 

In  this  way  it  is  possible  to  decide  at  an  early  test  phase,  whether  the  terrain  map 
data  stored  in  the  mass  memory  of  the  TERRP AC- system  are  valid  or  not. 

By  insering  the  way  point  coordinates  into  the  data  management  computer,  adequate 
terrain  map  data  are  generated  from  a  central  terrain  data  base.  The  software  tasks 
are: 

-  selection  of  test  area 

-  transformation  into  the  navigation  coordinate  system 

-  grid  point  interpolation 

-  data  packing  and  formatting 

Before  transferring  data  to  the  mass  memory  of  the  avionic  system,  identification  bits 
are  added  to  the  digital  altitude  word  for  error  diagnostics. 

The  ground  based  data  management  system  utilizes  a  stationary  general  purpose  computer 
und  a  mass  memory  unit  managing  the  terrain  data  base  and  the  data  pre-processing. 

A  portable  ground  test  terminal  is  interconnected  via  a  telephone  data  link.  The  test 
data  can  either  be  directly  transferred  to  the  mass  memory  of  the  avionic  system  via  a 
flexible  data  line  and  aircraft  interface  or  stored  in  the  bubble  memory  of  the  ground 
test  terminal. 

Other  ground  based  components  arc  graphic  display,  plotter  and  line  printer. 

The  design  of  the  data  management  systems  provides  for  great  flexibility  during  flight 
tests  starting  from  various  aircraft  positions. 

5.  Flight  test  methods 

The  highly  sophisticated  design  of  TERPAC-system  requires  dedicated  test  methods  for 
performance  of  the  overall  acceptance  test.  In  the  pre-flight  test  phase,  the  functions 
of  the  autonomous  subsystems  such  as  inertial  measurement  unit,  baro-sensor  and  radar 
altimeter  are  statically  testes  with  approved  methods. 

The  alignment  status  and  indicated  present  position  of  the  inertial  measurement  unit, 
the  measured  static  pressure  value  above  datum  plane  and  the  corresponding  output 
signal  of  the  radar  altimeter  simulated  by  a  delay  circuit  between  the  transmitting  and 
receiving  antenna  are  cf  interest. 

Testing  of  the  software  implemented  in  the  decentralized  microprocessor  system,  testing 
of  the  data  processing  ca pa  llity  via  multiplex  data  bus  and  a  mass  memory  validity 
check  out  are  the  key  to  TERTAC-test ing .  Two  methods  have  mainly  been  applied:  the  self 
diagnostic  method  and  the  stored  response  method. 

The  self  diagnostic  method  includes  outomatic  testing  of  ram  and  data  frame  by  bit- 
pattern  and  in  flight  worst  case  computation.  Fcr  instance,  the  required  correlation 
time  is  continuously  compared  with  a  limitation  value,  e.g.  in  the  case  of  altimeter 
measurement  the  travelling  time  of  the  transmitted  electromagnetic  signal.  If  an  error 
occurs,  an  error  bit  is  set  in  the  status  word.  After  each  data  transmission  from  and 
to  the  mass  memory  via  the  multiplex  data  bus  a  checksum  test  is  automatically  initia¬ 
lized. 
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The  purpose  of  the  stored  response  method  is  to  test  the  application  software  by  means 
of  simulation.  A  typical  set  of  subsystem  date  outputs  is  derived  from  simulated  flight 
envelopes  and  stored  in  the  non-volatile  memory  of  the  subsystem  terminals.  The  results 
of  the  application  software  computation  are  compared  with  those  similarly  derived  from 
the  simulation. 

A  simulated  platform  and  profile  generator,  and  simulated  measurements  implemented  in 
the  TERPAC-sof tware  are  very  helpful  in  checking  out  the  kalman-f ilter-equations . 

Fig.  9  shows  the  results  of  a  simulated  straight  and  level  flight  over  eight  update 
areas.  The  position  error  of  the  unaided  inertial  navigation  system  of  low  accuracy 
rapidly  increases  as  a  function  of  time.  With  kalman  filtered  TEEPAC  updates  of  diffe¬ 
ring  statistical  uncertainty  the  error  behaviour  of  the  combined  navigation  system  is 
reduced  dramatically.  It  is  obvious  that  the  resulting  navigation  accuracy  will  be 
independent  of  time.  Updates  with  greater  uncertainty  are  pointed  out  in  the  figure. 

6 .  Flight  test  experiments 

Extensive  optical  tracking  test  series  have  been  conducted  in  order  to  test  the  beha¬ 
viour  of  the  sensor  system  measuring  the  radar  altitude  and  the  altitude  a  ove  datum 
plane  (fig.  10) .  A  knowledge  of  these  characteristics  is  important  for  valuation  of 
TERPAC-accur acy . 

The  aircraft  is  flown  along  a  predetermined  datum  line  and  tracked  by  two  cine- 
theodolites  which  record  elevation  and  azimuth  anqles  simultaneously. 

By  using  the  presurveyed  distances  from  the  datum  line  the  X,  V,  Z  -  coordinates  of 
the  aircraft  and  the  velocity  components  can  be  calculated  off  line. 

If  the  aircraft  is  out  of  the  tracking  range  of  the  cine  theodolites,  the  flight 
envelope  coordinates  of  the  aircraft  are  calculated  from  the  measurement  outputs 
of  a  radar  tracking  device  (refer  to  fig  11).  The  flight  test  data  and  radar 
signals  are  simultaneously  transmitted  via  seperate  data  links  and  stored  on  a  mag¬ 
netic  tape  in  the  ground  station  for  post  flight  analysis. 

Most  TERPAC-avionic-components  are  installed  in  a  modified  pod  of  the  experimental 
aircraft . 

The  aim  of  the  experimental  program  is  to  test  the  online  processing  of  the  TERPAC 
system  and  the  Influence  of  terrain  contours  on  the  accuracy  of  TERPAC  updates. 

7 ,  Conclusions 

The  requirements  concerning  the  high  navigation  accuracy  in  missile  guidance  and 
low  level  flight  with  manned  aircraft  can  be  fulfilled  by  the  discussed  TERPAC- 
avionic-system.  A  dedicated  ground  based  data  management  system  has  been  developed  to 
perform  test  flights  and  to  check  out  the  realtime  hardware  and  software  system.  The 
effects  of  the  real  terrain  and  of  the  dynamic  flight  behaviour  of  the  aircraft  will 
be  tested  in  a  current  experimental  program. 


METHOD 

#  TERPAC  -processor  matches  measured  terrain  -signatures  against  terrain -reference-signatures 
stored  in  the  mass  memory 

MODES  OF  ACTION 

#  inertial  mode 

#  TERCOM-position-fix-mode 

#  SZEKOR-position-fix -mode 

#  terrain-following/avoidance-continuous  mode 

CHARACTERISTICS 

0  automatic 

#  autonomous 

#  all-weather  .night  capability 

O  high  anti  jam  resistance,  low  detectibility 

Fig.1  TERPAC  (TERRAIN  -  PARAMETER  -  COMPARISON) 


Fig  2  NAVIGATION-  FLIGHT  CONTROL  SYSTEM 
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Fig.  4  TERRAIN-PROFILE-MEASUREMENT 
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Fig.  5  NAVIGATION-SYSTEM:  DATA  FLOW 
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Fig.  6  TERPAC-AIDED-INS:  DISTRIBUTED  MICROPROCESSOR  ARCHITECTURE 
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Fig.  7  DISTRIBUTED  MICROPROCESSOR  ARCHITECTURE  (ADVANTAGES) 
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Fig.  8  GROUND  BASED  DATA  MANAGEMENT  SYSTEM 


Fig.  10  ALTIMETER  CALIBRATION  BY  OPTICAL  TRACKING  MEASUREMENT 
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Fig.  1 1  EXPERIMENTAL  PROGRAM 
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MISE  AU  POINT  DU  SYSTEME  DE  NAVIGATION  ET  D 1 ATTAQUE  DE  L' AVION  ALPHA- JET 

par 

JtlRGEN  LANG 

Ingenieur  Navigant  d'Essais 
DORNIER  GmbH 
8031  Oberpfaf f enhof en 
ALLEMAGNE 


RESUME 

On  procede  i  une  description  du  systeme  de  navigation  et  d'attaque,  de  son  but  et  de  ses 
principes  de  fonctionnement.  L ' installation  d'essais  speclfique  est  evoquee,  qui  assure 
la  "souplesse"  souhaitable  pour  les  essais  en  vol. 

Les  ttches  principales  de  la  mise  au  point  ainsi  que  les  differentes  methodes  de  travail 
au  sol  et  en  vol  seront  decrites.  Pour  conclure  une  comparaison  sera  faite  entre  les 
valeurs  pre-calculees  de  precision  de  tir  et  de  navigation  d'une  part  et  les  valeurs 
obtenues  en  vol,  d' autre  part. 


1 .  DESCRIPTION  DU  SYSTEME 
1 . 1  But  du  systeme 

La  version  allemande  de  l1 avion  Alpha-Jet  est  congue  pour  des  missions  d'appui 
tactique  leger,  et  de  ce  fait  elle  differe  de  la  version  frangaise,  dite  "Ecole" , 
essentiellement  par  son  systeme  de  navigation  et  d'attaque.  Ce  systeme  est  destine  a 
attaquer  des  objectlfs  au  sol  dans  des  conditions  ou  le  pilote  voit  l'objectif. 

En  outre,  l'avion  allemand  dispose  du  mode  d'attaque  AIR/AIR  avec  le  canon.  Le  SNA  doit 
assurer  la  conduite  de  tir  simple  et  precise  ainsi  que  la  navigation  autonome. 


1.2  Principe  de  fonctionnement  de  la  conduite  de  tir 

[.'element  de  base  est  constitue  par  le  viseur  conpu  en  tant  qu ' equipement  tete  haute 
HID)  alimente  par  un  calculateur  d'armes  et  un  generateur  de  symboles. 

r:  a vantage  notoire  que  presente  un  HUD  est  le  fait  que,  durant  toute  la  phase  d'attaque 

1 r  pr.-ment  dite,  ll  permet  au  pilote  de  fixer  l'objectif,  etant  donne  que  toutes  les 

i t  rsj'  i  ns  necessai res  -tant  celles  relatives  au  pilotage  que  cel les  relatives  a  la 
i'lousi  r.  le  la  conduite  de  tir-  lui  sont  presentees  dans  son  champ  de  visee,  et  cela 
ii  .  «!•>*•::•  i  ,a  distance  a  laquelle  il  voit  son  objectif.  Suite  a  ces  conditions, 

i  r.  d  *•  ;  i<-s  yeux  du  pilote  restera  constante,  ce  qui  est  un  fait  decisif  si  l'on 

.  i'M'  •  •  le  >emps  disponible  entre  1 '  acquisition  de  l’objectif  et  le  declenche- 

•  ■  .  n>  -  S'  .  drSce  a  tout  cela,  le  pilote  n’est  plus  oblige  d'estimer  ou  de 

■  ■  ■:  .'-s  tifferentes  grandeurs  (telles  que  portee  des  armes ,  vitesse,  altitude 

•  •  i •"•i  r.  du  vent  etc...).  Le  reticule  de  tir  est  dirige  sur  l'objectif,  et 
'  •  •  ."  i  .-merit  l'arme  est  declenchee  manuellement  (queue  de  detente  ou  poussoir 

■  “  :  i  ■  1  .  mauche  I  . 

•  .  scion  le  principe  CCPI  (Calcul  continu  du  point  d' impact)  :  Le  point 

>.  .■  un.  sir  une  surface  horlzontale  est  calcule  en  permanence,  puis 

i  ■■  frequence  50  Hz). 

■  a-  !<■'  re  n'est  pas  une  mesure  directe  de  la  distance  oblique  entre 
,  '  r impact  qui  est  effectuee  -cette  methode  etant  normalement  appliquee 

. .  ;  i  is  omplexes  utillsant  p.ex.  le  LASER  ou  le  radar-  mais  le  calcul 

’  i  •  ■  ,  .  .  1 :  •  : 

:.  •  mesuree  par  un  radioaltimetre  qui  determine  ainsi  la  surface  horizon- 

>  ■  ...  point  d’ impact.  C'est  la  centrale  gyroscopique  de  cap  et  de  verticale 

•  r  ima»  it. n  i'assiette  longitudinale ,  ce  qui  permet,  en  utilisant  egale- 

•  i.'  ,i  ■  ’"■s  iri't'S  des  conditions  de  vol  (telles  que  vitesse,  angle  d'incidence 

.  j  ,.'s  aieurs  memorisees  de  la  ballistique  d'armes,  de  calculer  la  distance 

j  u  .’.sequent  la  hausse  du  point  d’ impact. 

"  .  .  .  i,  lecouvre  les  points  critiques  du  systeme  en  ce  qui  concerne  la 
,  ;>  s  I‘  'it:  pas  de  centrale  inertielle,  pas  de  dispositif  de  mesure  directe  de  la 

t.  •  i:  l. ;  i  que.  D'ailleurs,  les  erreurs  les  plus  decisives  decoulent  de  la  centrale 

r, i  v'.i  iqj.'  et  du  rddiualtimetre. 

I.  f  »  i'  -i ;  iter  a  cela  que  ce  principe  n'est  apte  a  fonctionner  que  sur  un  terrain  plat. 

.st  pour  ette  raison  que  l'Alpha-Jet  dispose,  en  dehors  du  mode  RDR  pur,  de  deux 
modes  suppl ement a  1  res  appliquables  aussl  sur  terrain  accidente:  c'est  tout  d'abord  un  mode 
mix',  appe i e  mode  RDR/BAR,  pour  lequel  il  faut  connaltre  la  denivelleeAH  de  l'objectif 
par  rapport  i  un  plan  proche,  cette  denivellee  etant  prise  en  memoire  dans  le  calculateur 
d'armos.  Avant  I'attaque,  le  pilote  doit  survoler  ce  plan  afin  de  recaler  l'altitude: 

La  valeur  de  l'altitude  radar  est  memorisee  et  utilisee  ensemble  avec  AH  et  les  variations 
d’altltude  barometrlques  qui  suivent,  pour  calculer  en  permanence,  pendant  le  tir, 
l'altitude  de  vol  par  rapport  &  l'objectif  et  ainsi  la  hausse  du  reticule. 

Le  troisieme  mode,  quant  d  lul ,  travaille  sans  radioaltimetre:  c'est  de  ce  fait  un  mode 
purement  barometr ique .  Les  conditions  prealables  liees  i  ce  mode  sont  la  connaissance  de 
la  presslon  atmospher ique  momentanee  (QNH)  dans  la  zone  d'attaque  ainsi  que  de  la  hauteur 
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geographique  de  l'objectif,  cette  derniere  etant  memorisee  dans  le  calculateur  d'armes. 

Les  differents  modes  operationnels  possibles  sont  les  suivants: 

. Bombardement  avec  bombes  lisses  et  freinees 
.Tir  de  roquettes  -  non  guidees 
.Tir  canon  -  AIR/SOL  et  AIR/AIR 
.Navigation 

Pour  chaque  type  d'arme,  il  est  possible  de  memoriser  10  ballistiques,  ce  qui  permet 
d'utiliser  p.ex.  10  types  de  bombe  differents. 

Enfin,  c'est  le  Doppler  et  le  calculateur  de  navigation  associe  qui  constituent  des 
composants  fondamentaux  du  systeme.  Ces  derniers  ont  une  double  fonction:  ils  assurent 
la  navigation  autonome  ainsi  que  le  soutien  du  systeme  de  conduite  de  tir  en  mode  AIR/SOL. 
Les  donnees  du  vent  en  tant  que  vitesse  et  direction  constituent  une  information  importante 
pour  la  conduite  de  tir.  A  partir  de  la  vitesse  air  vraie  (TAS) ,  delivree  par  la  partie 
aerodynamique  du  calculateur  d'armes,  ainsi  que  de  la  vitesse  sol  delivree  par  le  capteur 
de  vitesse  Doppler,  le  calculateur  de  navigation  determine  le  vecteur  du  vent. 


1.3  Principe  de  la  navigation 

Dans  ce  contexte  le  HOD  presente  l'avantage  suivant:  il  evite  au  pilote  navigant  a 
basse  altitude  d'etre  oblige  de  discerner  ses  informations  de  pilotage  dans  l'obscurite 
de  la  cabine,  car  ces  dernieres  lui  sont  projetees  en  superposition  au  paysage  exterieur. 
Le  calculateur  de  navigation  determine  la  distance  parcourue  par  integration  de  la 
composante  horizontale  de  la  vitesse  sol  Doppler.  Or,  la  position  presente  de  1 'avion 
est  obtenue  en  additionnant  vectoriellement  la  distance  parcourue  a  la  position  de  depart 
de  1' avion.  La  declinaison  magnetique  est  memorisee  comme  polynome  dans  le  calculateur. 

Du  fait  que  le  calcul  de  la  position  presente  s'effectue  toutes  les  50  ms,  on  a  la 
garantie  que  les  moindres  changements  de  la  declinaison  magnetique  soient  pris  en 
consideration.  Le  calculateur  de  navigation  est  egalement  en  mesure  de  calculer  la 
position  presente  a  partir  des  donnees  fournies  par  une  station  TACAN,  et  de  l'indiquer 
au  pilote.  Ainsi,  le  pilote  dispose  de  moyens  de  comparaison. 

En  somme,  visualisations  et  commandes  du  systeme  Doppler  de  1' avion  Alpha-Jet  sont 
pratiquement  identiques  a  ceux  d'un  systeme  inertiel.  Sur  le  poste  de  commande  de 
navigation  (PCN)  le  pilote  peut  memoriser  et  selectionner  10  differents  buts  de  navigation 
et  4  stations  TACAN.  Il  peut  aussi  mettre  le  Doppler  sur  Standby. 

Le  PCN  pourra  fournir  au  pilote,  sous  forme  numerique,  les  informations  suivantes:  soit 
la  force  et  la  direction  du  vent,  soit  la  vitesse  sol  et  l'angle  de  derive,  soit  les 
coordonnees  de  position  de  1' avion  ou  bien  d’un  but  de  navigation,  soit  la  distance  et 
le  rel^vement  d'un  but  de  navigation,  ces  deux  dernieres  informations  etant  egalement 
presentees  sur  le  BDHI . 

En  mode  Navigation,  le  HUD  presente  au  pilote  les  informations  suivantes:  cap,  relevement, 
distance  et  temps  de  vol  5  la  station  concernee,  derive  due  au  vent  de  travers,  symbole 
TO/FROM,  vitesse  sol  ou  vitesse  air,  horizon,  pente  et  vitesse  verticale. 

En  comparant  la  position  presente  Doppler  a  une  position  presente  TACAN,  ou  bien  lors  du 
passage  a  la  verticale  de  points  de  navigation  predetermines,  le  pilote  est  en  mesure  de 
corriger  le  calcul  de  navigation.  En  outre,  il  est  possible  de  memoriser  en  vol  par  simple 
pression  d'un  bouton  les  coordonnees  de  5  buts  d ' opportunity  au  maximum.  La  navigation 
peut  etre  effectuee  ou  en  coordonnees  geographique  ou  en  coordonnees  UTM;  la  commutation 
est  possible  a  tout  moment  (Photo  1). 


2.  INSTALLATION  D'ESSAIS 

L' enregistrement  des  valeurs  mesurees  se  fait  comme  d' habitude  par  telemesure  et  sur 
enregistreur  magnetique  embarque.  3  commutateurs  PCM  et  1  commutateur  PAM  a  64  voies 
chacun  sont  utilises. 

Les  aspects  particuliers  de  1 ' installation  de  mesure  sont  lies  aux  unites  suivantes: 

-  Une  centrale  a  inertie  servant  de  reference  pour  controler 

.la  centrale  gyroscopique 
.la  sonde  Doppler 
. le  boltier  gyrometrique . 

-  Le  PMS,  qui  est  le  systeme  de  memorisation  programmable  du  calculateur  HUD.  Il  s'agit 
la  d'un  materiel  experimental  optionnel  permettant  d ' introduire ,  au  sol  ou  en  vol,  a 
l'aide  d'un  lecteur  de  cassettes,  le  programme  destine  au  calculateur  d'armes  et  au 
generateur  de  symboles.  La  bande  de  la  cassette  peut  etre  enregistree  et  verifiee  en 
quelques  minutes  sur  le  lieu  des  essais.  Dans  le  cadre  des  essais  en  vol  cet  equipe- 
ment  s'est  avere  tres  efficace  pour  des  changements  rapides  de  la  symbologie  ou  du 
calcul  d'armes. 

La  camera  de  visee  fait  egalement  partie  de  1 ' installation  d'essais,  etant  donne  qu'elle 
permet  de  mesurer  l’erreur  de  visee  au  moment  du  declenchement  de  l'arme,  d'une  part,  et 
de  figer  la  symbologie  telle  qu’elle  se  presente  au  pilote  dans  sa  suite  chronologique , 
d'autre  part. 


>  * 
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3.  ESSAIS  A  EFFECTUER 

Quelles  sont  les  tdches  qui  se  presentent  dans  le  cadre  d'une  telle  experimentation? 

II  est  possible  de  definir  des  tdches  partielles  qui  en  fait  ne  sont  pas  assurees 
successivement  mais  parallelement. 

-  11  s'agit  de  determiner  les  conditions  d 1 environnement  des  equipements  installes  tant 
dans  le  poste  pilote  que  dans  les  differents  compartiments  fuselage. 

Cela  concerne  essentlellement 

.  les  temperatures, 

.  les  vibrations  et  oscillations  (lors  du  buffeting,  tir  canon), 

.  la  compatibility  electromagnetique. 

Ces  mesures  doive.it  assurer 

-  premierement  que  les  conditions  d 1 environnement  specif iees  par  l'avionneur  pour  les 
differents  lieux  de  montage  soient  respectees  par  lui-meme, 

-  deuxiemement  que  les  equipements  fonctionnent  correctement  dans  leurs  lieux  de  montage 
et  dans  le  domaine  definl  par  ces  specifications. 

-  Un  grand  soin  doit  etre  porte  d  la  qualite  des  grandeurs  d'entre  qui  sont  fournies  par 
les  sondes  et  qui  entrent  dans  le  systeme.  Ceci  concerne  la  precision  et  la  purete  des 
signaux. 

Pour  une  bonne  partie  il  s'agit  de  valeurs  d ’ etalonnage ,  concernant  par  exemple 
.  altitude  et  Vitesse, 

.  angle  d' incidence,  angle  de  derapage,  temperature  d’ impact, 
ainsi  que  des  signaux  provenant  de 

.  centrale  gyroscopique , 

.  radioaltimetre, 

.  Doppler, 

.  bottier  gyrometrique. 

Dans  la  mesure  du  possible,  les  erreurs  determinees  sont  memorisees  dans  le  calculateur 
d'armes  comme  valeurs  correctives.  Ce  procede  permet  non  seulement  une  augmentation  de 
la  precision  mais  egalement  la  coherence  des  valeurs  indiquees,  car  les  parametres 

.  Vitesse, 

.  altitude, 

.  nombre  de  Mach , 

.  incidence, 

.  radioaltitude, 

.  cap 

sont  presentes  deux  fois  au  pilote  du  poste  AV:  d'une  part  dans  le  HUD,  et  d'autre  part 
en  tant  qu' indication  classique  du  type  tete  basse. 

-  Infrastructure  du  systeme 

Dans  ce  contexte,  il  faut  surtout  parler  de  la  bonne  disposition  des  elements  de 
visualisation  et  de  commande  au  poste  pilote.  Il  faut  veiller  a  ce  que  ces  instruments 
et  organes  soient  logiquement  congus  et  convenablement  montes.  I 1  ne  faut  pas  ignorer 
que  l'agencement  de  ce  materiel  ne  peut  se  faire  que  sur  avion  en  vol ,  ou  lors  de 
maquettages,  a  la  rigueur,  mais  jamais  cn  reunion  au  tapis  vert.  Iqnorer  ce  fait,  c'est 
encourir  le  risque  de  perdre  plusieurs  annees  au  niveau  des  essais. 

Dans  ce  paragraphe,  il  faut  egalement  citer  le  developpement  en  detail  du  logiciel 
pour  ce  qui  concerne 

.  les  verifications  automatiques  du  logiciel, 

.  les  modes  de  secours  en  cas  de  pannes  d ' equipements  et  les  indications 
de  telles  pannes, 

.  1 'acquisition  des  caracteristiques  des  armes  de  serie, 

.  la  precision  des  calculs  aerodynamiques . 


-  Symbologie  HUD 

Les  symboles  presentes  dans  le  viseur  sont  a  controler  quant  a  la  luminosite,  au 
contraste,  d  la  precision,  et  par  rapport  a  1' importance  du  champ  de  visee,  ainsi 
quant  d  1 ' information  elle-meme  et  son  utilite  et  comprehension  pour  le  pilote. 

Nature  et  forme  des  symboles  -  ceci  est  un  vaste  sujet,  et  qui  est  loin  de  faire 
l'unanimite  des  pilotes.  L'experience  europeenne  en  matiere  de  HUD  electroniques 
etait  pratiqueraent  nulle  au  debut  des  essais  Alpha-Jet.  Et  l'opinion  d'un  pilote  quant 
a  la  symbologie  evolue  avec  ses  experiences  acquises,  ceci  dans  le  sens  qu'il  peut 
"supporter"  plus  d ' informations  apres  un  certain  nombre  d'heures  de  vol  effectuees. 

Grdce  au  HUD  programmable,  nous  avons  pu  modifier  pratiquement  toute  la  symbologie  en 
6  mois:  Pour  l'essentiel,  nous  somroes  passes  d'une  symbologie  pseudo-analogique  a  une 
symbologie  partiellement  numerique  (Photos  11  et  12). 

La  symbologie  version  serie  ne  correspond  plus  ni  a  la  specification  MIL  applicable 
(884  C) ,  ni  au  STANAG.  Ces  derniers  ont  probablement  ete  figes  eux  aussi  dans  un  con¬ 
texte  purement  theorlque,  4  une  epoque  d  laquelle  personne  ne  possedait  l'experience 
necessaire. 
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Integration  du  systeme  et  contrSla  de  sa  precision 

Le  fonctionnement  correct  de  1* ensemble  des  composants  du  systeme  entre  eux,  ainsi  que 
la  precision  de  fonctionnement  du  systeme  au  tir  et  a  la  navigation  ont  ete  acquis  en 
plusieurs  etapes,  tant  aux  banc  d'essais  que  durant  des  vols  d'essais. 

On  verra  dans  la  suite  comment  nos  travaux  se  sont  deroules. 


4 . METHODES  D'ESSAIS 

Pour  des  raisons  de  disponibilite  du  materiel,  le  systeme  a  ete  essaye  en  2  etapes: 

Stade  I  :  Sans  Doppler,  ni  calculateur  de  navigation.  La  force  et  la  direction  du  vent 
sont  communiquees  au  pilote  avant  la  passe  de  tir  et  c'est  le  pilote  qui 
affiche  ces  valeurs  sur  1' instrument  correspondant  au  poste  pilote. 

Dans  cette  phase  nos  activites  etaient  concentrees  sur  la  symbologie  HUD 
et  la  precision  de  tir. 

Stade  II  :  Avec  Doppler  et  calculateur  de  navigation.  Grace  a  ce  materiel  le  vecteur 
vent  peut  etre  calcule  continuellement  par  le  systeme  lui-meme.  Dans  cette 
phase  nos  activites  portaient  sur  la  precision  de  la  navigation  et  sur  le 
developpement  du  boltier  de  commande  pour  le  calculateur  de  navigation. 

Le  systeme  a  ete  soumis  a  toute  une  serie  de  tests  come  je  vous  les  exposerai  dans  la 
suite;  en  general,  les  essais  ont  ete  effectues  dans  l'ordre  expose. 

-  Simulation 

Ces  operations  sont  effectuees  sur  un  banc  d'essais  sur  lequel  le  cablage  d'origine  de 
1' avion  est  reconstitue  et  qui  est  equipe  de  tous  les  composants  et  capteurs  de  1' avion. 
La  precision  du  systeme  est  controlee  en  statique  et  par  points  de  mesure. 

Das  conditions  de  vol  stabilisees  sont  simulees! 

-  Stimulation 

Les  parametres  enregistres  lors  de  manoeuvres  de  vol  et  les  valeurs  correspondantes 
mesurees  par  les  sondes  sont  introduits  dans  le  systeme.  En  procedant  de  la  sorte,  il 
est  possible  de  controler  la  precision  en  dynamique  ("stimulation").  Par  comparaison 
avec  les  valeurs  constatees  en  statique,  on  choisit  les  constantes  de  temps  pour  les 
filtres  necessaires.  En  outre,  cela  permet  d'obtenir  au  prealable  une  idee  de  ce  qui 
sera  presente  au  pilote  durant  la  phase  d'attaque. 

-  Passes  de  tir  fictives 

Elies  constituent  1'etape  suivante  et  sont  effectuees  avec  1'avion.  On  surveille  le 
calculateur  d'armes  en  er.registrant  ses  signaux  d' entree  et  de  sortie.  Simultanement 
ce  meme  calcul  est  fait  au  sol  par  un  ordinateur  dans  lequel  la  valeur  d'un  parametre 
determine  est  remplacee  par  une  valeur  de  mesure  amelioree  et  plus  precise  de  ce  meme 
parametre.  Exemple:  L'assiette  longitudinale  de  la  centrale  gyroscopique  est  remplacee 
par  l'assiette  longitudinale  de  la  centrale  a  inertie  montee  sur  1'avion  come  in¬ 
stallation  d'essais.  L' influence  qu'a  cette  mesure  sur  la  hausse  du  reticule  de  visee 
est  ainsi  demontree  de  fajion  claire  et  nette,  et  par  la  meme  l'influence  qu'elle  a  sur 
la  precision  de  tir.  Le  procede  est  le  meme  pour  1' altitude  radio-sonde,  par  exemple. 
Dans  ce  cas ,  la  valeur  de  mesure  de  remplacement  est  celle  de  1' altitude  cinetheodolite. 
Des  que  toutes  les  erreurs  discernables  semblent  connues ,  on  passe  a  la  phase  suivante. 

-  Passes  de  tir  reelles 

Leur  bien-fonde  est  de  demontrer  la  precision  globale  du  systeme,  si  possible  de  fagon 
statistique,  mais  sans  pour  autant  devoir  deployer  des  moyens  trop  importants .  En  meme 
temps  elles  permettent  eventuellement  de  mettre  en  evidence  des  erreurs  systematiques 
residuelles,  cela  lorsque  le  point  moyen  de  tous  les  impacts  n'est  pas  identique  avec 
le  centre  de  la  cible. 

En  plus  nous  avons  trouve  que  la  pilotabilite  de  la  symbologie  ne  peut  etre  reellement 
testee  que  lorsqu'on  demande  au  pilote  d'obtenir  les  meilleurs  resultats  de  tir. 

Les  armes  utilisees  ont  ete: 

.  une  bombette  lisse  dont  la  ballistique  est  bien  connue, 

.  le  canor.  embarque  prevu  pour  la  serie. 

Pour  les  tirs  de  borabes ,  la  cible  visee  est  la  croix  centrale  d'un  cercle  de  200  m 
de  diaroetre  place  sur  le  champ  de  tir  de  Cazaux  (France).  Jusqu'a  present  environ  70 
bombes  ont  ete  larguees  avant,  a  peu  pres  autant  apres  installation  du  Doppler.  Un 
tiers  de  ces  bombes  ont  ete  larguees  lors  de  vols  de  tir  effectues  par  les  Services 
Of f iciels. 

Les  tirs  canon  se  font  sur  un  cone  flottant  sur  une  piscine  mesurant  1 10  m  de  long  sur 
60  m  de  large,  ou  sur  des  filets  de  5  m  x  5  m  dresses  a  la  verticale  et  marques  d'une 
croix  orange.  Une  seule  salve  de  0,5  s  environ  a  10  a  20  obus  est  effectuee  sur  chaque 
cible.  Jusqu’a  present  environ  3000  obus  d'exercice  ont  ete  tires  en  200  rafales.  Le 
but  du  tir  sur  piscine  est  de  determiner  la  precision  du  premier  obus  tire  et  le 
deroulement  approximatif  des  impacts  suivants  de  la  salve.  Le  but  du  tir  sur  filet  est 
de  relever  le  nombre  de  scores,  tout  en  veillant  a  eliminer  tous  les  ricochets. 
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Pour  les  passes  de  tir  nous  utilisons  les  profils  de  vol  pratiques  par  la  LUFTWAFFE,  a 
savoir:  profil  d ’ entralnement  avec  hippodrome  et  profil  pop-up. 

-  Les  vols  de  navigation  sont  essentiellement  des  vols  triangulaires ,  chacun  des  3  troncons 
correspondant  a  plus  de  100  NM  que  ce  soit  au-dessus  de  la  terre  ou  de  la  mer,  avec 
des  altitudes  et  des  vitesses  differentes. 

Aux  differents  coins  du  triangle  de  navigation  les  donnees  du  systeme  sont  comparees 
avec  celles  de  la  plateforme  inertielle  et  avec  les  points  determines  du  terrain  sur- 
vole.  Un  recalage  des  erreurs  de  navigation  n'est  pas  effectue  ceci  afin  d'eviter  que 
1 ' imprecision  due  au  passage  a  la  verticale  d'un  point  n'engendre  d'autres  erreurs. 


5 . RESULTATS  DES  ESSAIS 

-  Symbologie  du  HUD 

Les  photos  2  a  5  montrent  des  cas  typiques  de  representation  lors  d'une  attaque  avec 
roquettes  ou  canon.  Le  symbole  caracteristique  de  ces  modes  est  le  marqueur  de  dcmaine 
represente  sous  forme  d'un  cercle  3/4  autour  du  reticule  de  tir  (Pipper). 

Ce  marqueur  domaine  apparalt  a  la  distance  maximale  de  tir,  se  ronge  continuellement 
dans  la  mesure  ou  l'avlon  se  rapproche  de  l’objectif,  et  disparaft  lorsque  la  distance 
minimale  de  tir  est  atteinte,  c'est-a-dire  au  moment  ou  la  croix  de  degagement  commence 
a  clignoter. 

Les  photos  0  a  10  montrent  le  mode  bombes  caracterise  par  la  ligne  de  chute  des  bombes 
(BFL) .  II  s'agit  la  d'une  aide  au  pilotage  pour  le  pilote.  II  est  plus  facile  pour  lui 
de  viser  la  cible  s'il  est  en  mesure  de  placer  le  plus  tot  possible  cette  BFL  sur  la 
cible.  Ainsi  il  s 'assure  toujours  une  marge  de  pilotabilite  assez  grande,  et  il  a  la 
certitude  de  pouvoir  finalement  placer  le  Pipper  sur  la  cible.  De  toute  fa?on,  en  mode 
"bombes",  le  pilote  laisse  systematiquement  passer  le  Pipper  sur  la  cible  -grace  a  la 
BFL- ,  pour  declencher  la  bombe  au  moment  de  la  coincidence  Pipper/cible .  Par  contre,  a 
1' attaque  avec  canon  ou  roquettes,  le  Pipper  peut  etre  en  principe  maintenu  sur  la  cible 
tant  que  1' avion  est  en  passe  de  tir.  Cela  peut  etre  mieux  illustre  moyennant  un  film 
de  tir  pris  par  1  * enregistreur  de  visee  HUD. 

On  peut  ajouter  que  manifestement  le  HUD  de  1 'Alpha-Jet  est  une  tres  bonne  acquisition. 
Tous  les  pilotes  -y  compris  ceux  des  Services  Officiels  et  ceux  de  la  LUFTWAFFE-  ayant 
eu  jusqu'a  present  l'occasion  de  voler  avec  le  HUD  en  sont  enthousiasmes .  Bien  que  ce 
viseur  ait  une  optique  dont  le  diametre  de  4  pouces  ne  correspond  qu'a  la  moitie  de 
celle  du  viseur  de  1' avion  F-14,  a  titre  d’exemple,  il  presente  un  champ  de  visee  bien 
superieur  en  raison  de  la  geometrie  de  la  cabine. 

-  Precision  de  tir 

L ' exploitation  des  resultats  de  tir  est  normalement  effectuee  en  CEP  (Circular  Error 
Probability)  correspondant  au  rayon  d'un  cercle  autour  du  point  central  de  la  cible 
dans  lequel  se  trouvent  50%  de  tous  les  impacts  selon  la  probability. 

Quelle  est  la  precision  du  systeme  selon  les  valeurs  exploitees  comparativement  aux 
valeurs  pre-calculees? 

a)  Pour  les  bombes  (bombettes  d'exercice  lisses)  la  precision  pre-calculee  correspondait 
a  un  CEP  de  15-23  mrd  selon  l'intensite  du  vent  (sans  Doppler  et  avec  introduction 
manuelle  du  vent).  Lors  des  essais  en  vol  le  resultat  constate  a  ete  de  10,4  mrd;  apres 
correction  de  l'erreur  de  visee  du  pilote  il  a  ete  de  9,7  mrd,  c'est-a-dire  que  les 
visees  ont  ete  effectuees  avec  une  tres  grande  precision.  La  difference  entre  les  2 
valeurs  est  negligeable.  Dans  le  cas  d'une  distance  de  tir  de  2000  m  50%  des  bombes  se 
trouvent  done  dans  un  cercle  avec  un  rayon  de  20  m  autour  de  l’objectif. 

b)  En  ce  qui  concerne  le  canon  certaines  dispersions  supplementaires  ont  ete  constatees, 
etant  donne  que  les  essais  ont  ete  effectues  avec  des  canons  prototypes. 

Malgre  cela  les  resultats  constates  sont  egalement  meilleurs  que  les  valeurs  pre- 
calculees  variant,  en  fonction  de  l'intensite  du  vent,  entre  4  et  5  mrd. 

Les  essais  sans  Doppler  ont  about!  d  un  CEP  de  2,5  mrd,  sans  correction  de  l'erreur  de 
visee,  et  a  un  CEP  d' environ  1,0  mrd  apres  correction  de  l'erreur  de  visee.  Autrement 
dit,  dans  le  cas  d'une  salve  effectuee  sur  une  cible  de  5  x  5  m  a  une  distance  de  tir 
de  lOOO  m  50%  des  impacts  touchent  la  cible. 

c)  Avec  Doppler,  en  modes  bombes  et  canon,  la  precision  de  tir  a  ete  la  meme  que  sens 
Doppler.  Ainsi  la  methode  non  operationnel le  constistant  a  mesurer  le  ven*  juste  avant 
le  moment  du  tir  a  l'aide  d'un  ballon  meteorologique  est  remplacee  par  la  mesure  perma- 
nente  du  vent  i  l'aide  du  Doppler  embarque,  ceci  sans  perte  de  precision. 

(Filtrage  du  vent  Doppler  avec  une  constante  de  temps  de  2,7  sec.  et  du  signal  ancle  de 
drapage  avec  une  constante  de  temps  de  2,0  sec.) 

En  resume,  les  resultats  d'essais  tant  en  mode  "bombes"  qu'en  mode  "canon"  ont  ete  comme 
suit : 

1)  Les  precisions  de  tir  esperees  ont  ete  obtenues. 

2)  Il  n'y  a  plus  d'erreur  systematique  dans  le  systeme  de  conduite  de  tir. 

3)  Les  resultats  obtenus  avec  le  mode  RDR/BAR,  qui  est  d'ailleurs  plus  representat if  ue 
1 ' util isat ion  operationnel le ,  sont  tout  aussi  satisfaisants  qu'en  mode  purement  RDR. 
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-  Precision  de  navigation  avec  Doppler 

a)  sur  terre 

Le  calcul  preliminaire  de  l'erreur  de  position  en  tant  que  valeur  CEP  en  fonction  de  la 
distance  parcourue  avait  donne: 

.en  configuration  “sans  charges  exterieures":  0,93%  de  la  distance  parcourue  (ou  3,6NM/h) 
.en  configuration  “avec  charges  exterieures”:  1,3%  de  la  distance  (ou  5  NM/h) . 

Ce  meme  resultat  fut  obtenu  au  cours  des  essais  en  vol;  ainsi  a  titre  d'exemple,  une 
valeur  CEP  de  0,96%  fut  atteinte  lors  de  vols  de  navigation  sur  la  terre  (en  configura¬ 
tion  “sans  charges  exterieures",  32  troneons  de  navigation,  =  +  0,49%,  =  +  1,16%). 

II  a  ete  constate  que  l'erreur  de  cap  resultant  de  la  plateforme  gyroscopique  est  l'erreur 
principale  du  systeme  de  navigation,  et  qui,  dans  la  valeur  CEP,  est  prise  en  compte  en 
tant  qu'erreur  de  navigation  transversale. 

b)  sur  mer 

D'une  part,  le  systeme  de  navigation  Doppler  necessite  une  surface  d'eau  suf f isamment 
mouvementee ,  afin  qu'un  pouvoir  reflecteur  suffisant  (pour  l'energie  electro-magnetique) 
soit  donne.  Sinon,  le  Doppler  passe  en  memoire,  et  la  navigation  se  poursuit  avec  la 
derniere  valeur  du  vent  valable.  L'erreur  de  navigation  qui  en  resulte  depend  de  la 
duree  de  cette  condition  et  des  variations  du  vent. 

D' autre  part,  le  vent  engendre  un  courant  au  niveau  de  la  surface  de  l'eau  qui  a  pour 
resultat  une  erreur  sur  la  mesure  de  la  Vitesse,  etant  donne  que  la  Vitesse  relative 
entre  1' avion  et  la  terre  est  faussee. 

Lors  de  quelques  vols  et  en  fonction  des  conditions  rencontrees,  on  a  obtenu  le  resultat 
suivant : 


CEP  =  1,46% 


(  O'*  =+1,4% 

Cy  =  +  1,1%) 


Par  une  estimation  du  courant  a  la  surface  de  l'eau  avec  un  vent  connu,  il  est  possible 
de  demontrer  que  le  Doppler  est  tout  aussi  precis  au-dessus  de  l'eau  qu'au-dessus  de 
la  terre. 


6. CONCLUSIONS 

Les  etudes  theoriques  en  vue  d'ameliorer  le  systeme  de  navigation  et  d'attaque  furent 
lancees  en  automne  1975.  Un  prototype  (03)  a  ete  destine  aux  essais  en  vol  correspondents 
qui  ont  eu  lieu  en  deux  etapes: 

-  Le  premier  stade  sans  Doppler.  Cette  raise  au  point  s' est  etendue  sur  une  periode  de 
11  mois  en  1977  et  a  necessite  environ  100  vols. 

-  Pour  le  deuxieme  stade  avec  Doppler  la  part  essentielle  des  travaux  etait  consacree 
aux  essais  de  navigation,  qui  ont  eu  lieu  entre  le  mois  de  mai  1978  et  le  mois  de  mars 
1979  et  pour  lesquels  environ  100  vols  ont  ete  egalement  necessairee 

-  Depuis  l'ete  1979  jusqu'a  maintenant  les  efforts  se  sont  portes  vers  une  prise  en  compte 
dans  le  systeme  final  des  dernieres  demandes  exprimees  par  la  Luftwaffe  relatives  a 

1 ' utilisation  tactique  et  operationnelle. 

-  Les  performances  theoriques  ont  pu  etre  demontrees,  voire  depassees. 

-  Ainsi  done,  le  systeme  a  atteint  son  stade  operationnel  et  apte  pour  1 ' industrialisation. 

Pour  conclure  on  peut  constater  que  ces  essais  ont  permis  pour  la  premiere  fois  a 
l’industrie  allemande  de  faire  des  experiences  appreciables  et  necessaires  dans  ce 
domaine . 
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The  flight  clearance  programme  for  a  modern  air-to-ground  weapon  aiming  system  demands  that  extensive 
flight  trials  are  carried  out  to  demonstrate  that  the  performance  of  the  system  meets  its  speci fication 
requirements.  With  the  increasing  complexity  of  weapon  aiming  systems  in  terms  of  the  multiplicity  of 
ranging  methods  and  attack  modes  provided,  ways  of  minimising  the  flight  trials  requirements  have  to  be 
considered.  This  paper  describes  trials  methods  and  associated  analysis  techniques  which  are  currently 
used  and  are  designed  to  maximise  the  data  available  while  minimising  the  number  of  flight  trials  carried 
out. 

1.  INTRODUCTION 

The  aim  of  this  paper  is  to  describe  the  trials  philosophy  and  the  resulting  trials  methods  and  analysis 
techniques  which  are  used  in  the  testing  of  current  air-to-ground  weapon  aiming  systems.  The  trials 
philosophy  has  been  evolved  over  a  number  of  years  from  experience  in  the  testing  of  both  air-to-air  and 
air-to-ground  weapon  aiming  systems.  During  this  period  the  increasing  sophistication  of  weapon  aiming 
systems  has  demanded  a  significant  increase  in  the  size  of  the  flight  trials  programme  required  to  be 
undertaken.  This  increase  together  with  the  rapidly  escalating  costs  of  carrying  out  flight  trials  has 
been  the  major  factor  in  dictating  the  trials  philosophy  which  has  been  adopted. 

The  bread  requirements  of  weapon  aiming  system  flight  trials  are  to  evaluate  the  functioning  and  accuracy 
aspects  of  the  system  as  defined  in  the  aircraft's  specification. 

Functioning  can  be  defined  as  an  examination  of  the  operation  of  the  weapon  aiming  system  throughout 
the  specified  weapon  delivery  envelopes  to  assess  its  usability  and  safety.  This  essentially 
determines  if  any  unsatisfactory  or  limiting  aspects  of  system  behaviour  are  likely  to  occur. 

Accuracy  can  be  defined  as  an  assessment  of  the  accuracy  with  which  the  weapon  aiming  system  can 
determine  the  point  in  space  at  which  the  weapon  should  be  released  assuming  that  the  ballistic 
equations  used  in  the  airborne  computations  are  correct. 

Before  discussing  the  trials  methods  and  analysis  techniques  which  are  used  to  prove  that  the  weapon 
aiming  system  meets  its  specification,  it  will  be  useful  to  describe  the  basic  principles  of  a  weapon 
aiming  system  and  in  particular  the  inherent  errors  which  occur. 

2.  WEAPON-AIMING  GYGTEK  DESCRIPTION 


The  fundamental  principle  of  an  air-to-ground  weapon  aiming  system  is  that  the  weapon  is  released  when  the 
aircraft's  distance  from  the  target  is  equal  to  the  forward  throw  of  the  weapon.  From  this  simple 
definition,  the  following  requirements  of  a  weapon  aiming  system  can  be  identified 

I'easurement  of  the  aircraft's  position  with  respect  to  the  target. 

Determination  of  the  aircraft's  flight  condition. 

Calculation  of  the  weapon's  forward  throw. 

Generation  of  a  weapon  release  signal. 

These  requirements  car.  be  fulfilled  by  a  weapon  aiming  system  which  consists  of  four  prime  elements,  namely 
Censors,  Computing,  Displays  and  Controls,  and  Aircrew#  The  Sensor  elements  enable  the  aircraft's  position 
with  respect  to  the  target  and  its  flight,  condition  to  be  determined.  The  Computing  element  calculates  the 
weapon's  forward  throw  i  generates  a  weapon  release  signal  when  the  latter  is  equal  to  the  calculated 
distance  to  the  target.  The  control  of  the  attack  is  carried  out  by  the  Aircrew  via  the  appropriate  Display 
and  Controls  which  interface  with  the  Computing  element.  This  in  turn  positions  the  rolevent  sensors 
during  the  attack.  The  mechanisation  end  integration  of  these  elements  varies  from  aircraft  to  aircraft.  A 
typical  example  is  illustrated  in  Figure  1.  Although  this  paper  concentrates  on  manually  flown  visually 
sighted  attacks,  the  trials  methods  and  analysis  techniques  can  be  equal ly  applied  to  automat ically  flown 
blind  attacks. 

2.1  Sensors 


The  sensors  provide  the  input  data  used  in  the  weapon  aiming  computations.  This  data  typically  consists 
of  positional  information  of  the  aircraft  with  respect  to  the  target,  the  aircraft's  velocity  with  respect 
to  the  ground  and  the  airmans,  the  aircraft's  attitude  with  respect  to  the  ground  and  the  local  airmans 
characteristics. 

In  the  overall  analysis,  errors  associated  with  each  of  the  6ensor  measurements  used  in  the  weapon  aiming 
computations  must  be  considered  and  their  effect  on  the  overall  weapon  miss  distance  determined.  To 
calculate  the  magnitude  of  these  errors  it  is  necessary  to  provide  a  means  of  determining  the  true  value 
of  the  sensed  parameters.  Typical  sensor  parameters  considered  in  the  analysis  are:- 


T 


True  Airspeed 
Vertical  Velocity 
Velocity  along  heading 
Velocity  across  heading 
Height 

Pitch  Angle. 

2.2  Computing 

This  is  the  heart  of  the  weapon  aiming  system  where  the  necessary  computations  to  effect  a  weapon  release 
are  carried  out.  These  computations  typically  consist  of  calculating  the  following 

Weapon  forward  throw 

Distance  to  target 

Time  to  weapon  release 

Position  of  Head  Up  Display  symbols. 

With  the  advent  of  high  speed  digital  computers  the  accuracy  of  the  computations  and  in  particular  the 
repeatability  lias  greatly  improved.  Even  so,  errors  due  to  the  discrete  nature  of  digital  computing  do 
arise  and  although  needing  to  be  accounted  for,  they  are  no  longer  of  great  significance. 

2.3  Displays  and  Controls 

The  modern  Head  Up  Display  provides  the  Pilot  with  sufficient  information  to  fly  the  aircraft  'head  up'  in 
all  phases  of  flight.  The  information  displayed  includes  alpha-numeric  and  analogue  displays  of  quantities 
such  as  height,  airspeed,  incidence,  vertical  velocity,  attitude  and  heading.  In  addition  in  the  weapon 
aiming  phases,  the  positions  of  the  computed  target  indicator  and  weapon  impact  point  are  displayed. 
Selection  and  control  of  the  displayed  symbology  are  exercised  by  the  Pilot  via  the  various  Control  Units* 

Errors  which  arise  in  the  positioning  of  the  symbol;?  can  be  typically  due  to  incorrect  display  input 
information,  symbol  generation  inaccuracies  or  incorrect  aircraft/equipment  harmonisation.  These  errors 
must  be  determined  and  their  effect  on  the  overall  weapon  miss-distance  evaluated. 

2.4  Aircrew 


In  a  visual  attack  the  Pilot  is  the  most  significant  element  in  the  system.  The  actions  he  take6  influence 
the  accuracy  of  the  attack.  He  is  interactive  with  the  weapon  aiming  system  via  the  Control  Units  in 
setting  up  the  attack  modes,  selecting  the  weapon  station  and  changing  the  phases  as  the  attack  proceeds 
up  to  committing  the  weapon  to  release.  In  some  attack  modes  the  Pilot  can  refine  the  computed  target 
position.  It  is  desirable  however  to  remove  him  as  much  as  possible  from  .any  continuous  process  and  give 
him  minimal  discrete  actions  to  perform.  The  display  of  the  computed  target  position  in  relation  to  the 
real  target  at  the  weapon  release  point  is  the  measure  of  Pilot's  performance. 

3.  TRIALS  PHILOSOPHY 


As  stated  in  the  introduction  to  this  paper  the  prime  purpose  of  weapon  aiming  system  flight  trials  is  to 
prove  that  the  weapon  aiming  system  operates  satisfactorily  and  meets  the  accuracy  requirements  stated  in 
the  aircraft's  specification.  7t  is  the  accuracy  requirements  which  dictate  the  form  of  flight  trials  to 
be  undertaken,  the  operating  aspects  are  capable  of  being  assessed  during  these  trials. 

In  the  aircraft's  specification,  the  accuracy  requirements  are  usually  stated  as  weapon  miss  distances,  i.e. 
the  distance  between  th»-  we a] on  imp  .ct  point  and  the  target  which  the  weapon  aiming  system  should  achieve 
for  a  given  ranging  method,  attack  mode  and  weapon  at  defined  flight  conditions.  These  miss  distance 
figures  are  normally  qualified  by  the  percentage  of  weapons  which  must  meet  this  requirement  and  are  often 
referred  to  the  aircraft  fleet. 

The  most  obvious  way  to  determine  the  accuracy  of  the  weapon  aiming  .system  would  be  to  deliver  a  single 
weapon  against  a  target  and  measure  the  resulting  miss  distance.  Due  to  the  unique  nature  of  the  elements 
of  the  weapon  aiming  system,  of  the  aircraft  and  of  the  weapon,  it  is  extremely  unlikely  that  a  second  or 
third  weapon  delivered  from  the  same  aircraft  would  give  the  same  result.  It  would  therefore  be  necessary 
to  deliver  a  series  of  weapons  for  each  combination  of  ranging  methods,  attack  modes,  weapon  options  and 
flight  conditions  to  determine  the  scatter  in  miss  distance  which  can  then  be  related  to  the  various 
specification  requirements. 

This  form  of  trial  is  termed  the  "statistical  approach’  ini  ass  urn  s  that  the  errors  which  contribute  to 
the  overall  weapon  deliver  error  are  independent..  For  a  modern  ground  attack  aircraft  with  its  multiplic¬ 
ity  of  ranging  methods,  attack  modes  and  weapon  options,  this  statistical  approach  demands  that  a  large 
number  of  attacks  are  carried  out  to  establish  the  required  confidence  in  the  overall  results.  The 
answers  are  however  unique  to  the  aircraft  and  weapon  aiming  system  combinations  tested  and  may  not  be 
sufficiently  representative  o:  the  nircru  f*  fleet  due  to  the  data  .wimple  available.  Another  problem  with 
this  approach  is  that  the  measurement  of  weapon  mi so  listance  *ivcs  very  little  information  about  the 
performance  oi  the  elements  which  rake  uy  the  weapon  -iming  system,  i.e.  Sensors,  Computing,  etc.  During 
a  flight  trial,  even  if  the  weapons  hit  trie  target,  it  is  tor.;  do  to  have  self-cancelling  errors  which 
under  otr.er  con>itions  or  with  different  equipment  could  in  the  xtreme  produce  additive  errors.  Thus 
while  the  fiirht  trial  could  iniicnte  .satisfactory  accuracy,  the  aircraft  fleet  accuracy  may  not  be  met. 


Due  to  the  Large  expenditure  in  time  and  money  inherent  in  carrying  out.  weapon  aiming  system  flight  trials, 
increasing  emphasis  has  been  placed  on  what  is  termed  the  "analytical  approach"  to  overcome  the  deficiencies 
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of  the  statistical  approach.  The  basis  of  the  analytical  approach  is  that  the  overall  weapon  miss  distance 
error  can  be  explained  from  on  understanding  of  the  individual  system  component  errors.  This  can  be 
achieved  by  comparing  the  actual  system  parameters  at  the  weapon  release  point  with  their  true  values.  To 
carry  out  this  process  extensive  ground  and  airborne  instrumentation  is  required. 

By  relating  the  analysis  to  the  weapon  release  point,  it  is  not  necessary  to  release  weapons  to  determine 
the  accuracy  of  the  weapon  aiming  system.  This  in  turn  leads  to  some  simplification  in  the  overall  trials 
operation  and  a  reduction  in  costs.  For  weapon  release  point  trials,  a  mathematical  simulation  of  the 
weapon  is  used  to  determine  the  miss  distances  on  the  ground  caused  by  the  system  errors  present  at  the 
release  point. 

The  analytical  approach  can  be  used  to  determine  the  performance  of  the  various  components  of  the  weapon 
aiming  system  for  each  attack  undertaken.  From  an  examination  of  flight  trials  data  for  each  combination 
of  ranging  method,  attack  mode  and  weapon  option  at  selected  flight  conditions,  a  large  sample  of  data 
describing  the  pe. formance  of  the  various  system  components  can  be  obtained.  Equivalent  data  samples  can 
be  obtained  from  several  of  the  combinations  tested,  and  therefore  the  need  to  carry  out  repetitive  trials, 
as  in  the  case  of  the  statistical  approach,  can  be  considerably  reduced.  In  the  case  of  a  system  wi th  a 
single  ranging  method,  attack  mode  and  weapon  option  there  would  be  no  difference  in  the  number  of  attacks 
required  using  the  statistical  or  analytical  approaches.  However  for  a  system  with  two  ranging  methods, 
two  attack  modes  and  two  weapon  options,  the  analytical  approach  requires  typically  one-third  of  the  trials 
compared  to  the  statistical  approach.  This  reduction  in  trials  can  be  achieved  without  affecting  the 
confidence  in  the  results. 


**.  INSTRUMENTATION 

As  stated  previously  for  analytical  trial  it  i6  necessary  to  have  both  comprehensive  ground  and  airborne 
instrumentation.  The  following  paragraphs  discuss  typical  instrumentation  systems  which  are  used  for 
weapon  aiming  system  trials  and  the  initial  stages  of  processing  the  recorded  data. 

A.1  Ground  Instrumentation 

*♦.1.1  Range  Facilities 

To  enable  the  actual  aircraft  attack  conditions  to  be  determined,  i.e.  aircraft  velocity,  attitude  and 
position  with  respect  to  the  target,  some  form  of  ground  instrumentation  is  required.  In  the  United  Kingdom, 
the  !i oyal  Aircraft  Establishment  provides  several  Instrumented  Ranges.  These  Ranges  have  various  ground- 
based  tracking  facilities  including  synchronised  kine theodolite  cameras  which  are  capable  of  tracking  the 
aircraft  during  the  final  stages  of  an  attack. 

In  addition  the  Ranges  have  neteorolo  ical  facilities  for  measuring  air  temperature  and  pressure  at  various 
heights  above  the  ground.  Wind  data  can  be  determined  by  using  the  kine theodolite  cameras  to  track  meteor¬ 
ological  balloons  which  are  released  before  and  after  trials  sorties.  Alternatively  wind  data  can  be 
obtained  by  using  the  kinetheodolite  cameras  to  track  a  smoke  flare  which  is  fired  from  the  trials  aircraft 
at  the  simulated  release  point.  Experience  ha6  shown  that  this  latter  method  provides  a  more  accurate 
measurement  of  the  wind  conditions  at  the  weapon  release  point  but  requires  additional  ground  and  airborne 
facilities. 


A.  1,2  Range  Data  Processing 

The  position  of  the  aircraft  on  the  kinetheodolite  camera  films  is  subsequently  measured  and  togecher  with 
knowledge  of  the  kinetheodoli te  cameras  attitude  and  position,  the  position  of  the  aircraft  in  a  convenient 
set  of  axes  related  to  the  target  is  determined.  The  trajectory  points  are  normally  calculated  every  one 
fifth  of  a  .second  corresponding  to  the  kinetheodolite  camera's  frame  speed.  The  aircraft's  trajectory  is 
usually  determined  from  about  12  seconds  prior  to  weapon  release  to  3  seconds  after  release.  A  typical 
accuracy  of  positional  data  derived  from  kinetheodoli te  camera  film  measurement  is  better  than  1  metre 
S.D.).  This  is  considered  tu  be  adequate  for  all  weapon  aiming  system  measurement  requirements.  The 
velocity  of  the  aircraft  i6  derived  from  the  positional  data  using  a  standard  differentiation  technique. 

In  the  weapon  release  point  error  analysis  scheme  described,  the  aircraft's  position  and  velocity  at  points 
either  side  of  the  weapon  release  instant  are  used  in  order  that  the  aircraft's  position  with  respect  to 
the  target  and  its  velocity  at  trio  release  instant  can  be  determined.  These  values  are  known  as  the 

RSFERKNC:;  data. 

A, 2  Aircraft  Instrumentation 


It.  ;r>  also  necessary  to  record  the  values  of  a  number  <>f  weapon  aiming  system  parameters  onboard  the 
aircraft.  The  value  of  these  parameters  whi’h  are  obtained  from  the  Weapon  Aiming  Computer  and  the  Head 
Up  Display  are  known  as  3Y3TEM  data. 

A .2.1  Weapon  Aiming  Computer 

To  record  lata  from  the  Weapon  Aiming  Computer,  it  is  programmed  to  sample  and  output  the  required  paramet¬ 
ers  to  the  aircraft's  instrumentation  system.  Typically  the  latter  consists  of  an  electronic  unit  which 
interfaces  with,  the  Weapon  Aiming  Computer  and  suitably  formats  the  required  data  for  recording  on  a 
magnetic  tape  recorder  in  the  aircraft.  After  flight  the  magnetic  tape  is  replayed  on  a  ground  station 
and  the  data  retrieved  for  subsequent  data  processing. 


It  is  essential  that  all  sensor  inputs  to  the 
dir. {.’Lay  and  weapon  sub-systems  are  recorded, 
parameters  in  the  weapon  aiming  computations, 
normal  weapon  release  point  analysis  they  can 


weapon  -aiming  equations,  and  all  output  quantities  to  the 
In  addition,  it  is  desirable  to  record  some  intermediate 
Although  these  intermediate  parameters  are  not  used  in  the 
provide  invaluable  diagnostic  data. 
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As  part  of  the  overall  data  recorded  by  the  aircraft's  instrumentation  system,  a  number  of  weapon  system 
parameters  termed  ‘frozen  data1  are  recorded  at  the  weapon  release  instant.  Since  digital  computers  work 
in  discrete  cycles  it  is  normal  practice  to  predict  if  the  weapon  release  point  will  occur  in  the  next 
cycle.  When  this  is  determined  a  timing  counter  is  activated  which  enables  the  weapon  release  pulse  to  be 
generated  with  a  high  degree  of  timing  accuracy.  It  is  the  input  parameters  to  this  last  cycle  of  weapon 
aiming  calculations  which  are  the  frozen  data. 

4.2.2  Head  Up  Display 

For  all  weapon  aiming  trials,  the  aircraft  are  fitted  with  Head  Up  Display  Cameras  which  record  on  16  nzn 
cine-film  the  view  through  the  Head  Up  Display  as  seen  by  the  Pilot.  In  order  to  relate  positions  of 
symbols  on  the  display  for  analysis  purposes,  a  datum  symbol  is  displayed  at  the  electrical  centre  of  the 
cathode  ray  tube  of  the  Head  Up  Display  which  is  in  turn  aligned  to  the  aircraft’s  Longitudinal  Fuselage 
Datum.  It  is  therefore  possible  to  relate  all  measurements  taken  of  Head  Up  Display  symbology  or  outside 
world  positions  directly  to  the  aircraft's  Longitudinal  Fuselage  Datum. 

The  Head  Up  Display  film  is  analysed  using  a  film  analyser  which  measures  the  positions  of  selected 
displayed  symbols  or  of  ground  objects  relative  to  the  datum  symbol.  This  data  is  automatically  digitised 
and  stored  on  an  appropriate  medium.  Typical  features  which  are  measured  are  as  follows;- 

Coraputed  Weapon  Impact  Point 
Computed  Target  Indicator 
Actual  Target. 

In  the  analysis  scheme,  interpolation  of  the  symbol  positions  is  carried  out  to  obtain  their  true  position 
at  the  weapon  release  instant.  The  outside  world  measurements  have  the  appropriate  windscreen  distortion 
correction  applied  (see  Section  6.1.2). 

4 •  3  Correlation  of  Aiz^borne  and  Ground  data 


The  ground  and  airborne  instrumentation  provide  time  histories  of  a  series  of  parameters  which  are  recorded 
against  their  own  specific  time  bases  .  To  enable  these  two  sources  of  data  to  be  used  together,  it  is 
necessary  that  a  means  of  correlating  them  is  provided.  This  is  achieved  by  generating  a  Radio  Tone  on  the 
aircraft  which  is  interrupted  by  the  weapon  release  pulse  generated  from  the  Weapon  Aiming  Computer.  The 
tone  is  received  at  the  Instrumented  Range  and  recorded  against  ihe  ground  instrumentation  time  base.  The 
Range  uses  the  interruption  of  the  Radio  Tone  as  the  reference  for  the  ground  data.  The  Radio  Tone  is  also 
recorded  on  the  aircraft's  instrumentation,  thus  enabling  correlation  of  tiie  two  sources  of  data  to  be 
achieved. 

In  addition  it  is  necessary  to  correlate  the  information  obtained  from  the  Head  Up  Display  Camera  which 
operates  at  a  nominal  1 6  frame s/second  with  the  information  recorded  from  the  Weapon  Aiming  Computer.  This 
is  done  by  recording  the  t:me  at  which  each  opening  of  the  Camera  shutter  occurs,  on  the  aircraft's 
instrumentation. 

Figure  2  illustrates  how  the  correlation  of  ground  and  airborne  data  is  nv-chunised. 

3.  USA I-XTII  RSLSASE  TOIRT  ERROR  ANALYSIS 

The  objective  o;'  the  analysis  is  to  break  down  the  overall  weapon  nics  distance  into  its  various  components 
which  arise  through  the  errors  inherent  in  the  weapon  aiming  system.  This  form  of  analysis  enables  the 
performance  of  the  weapon  aiming  system  to  be  quantified  for  individual  attacks  and  provides  the  ability 
to  identify  those  factors  which  effect  the  systemfe  accuracy.  It  also  allows  a  self-check  to  be  carried  out 
by  ensuring  that  the  overall  miss  distance  is  fully  accounted  for  by  the  miss  distance  components. 

The  analysis  method  uses  the  fact  that  the  actual  target  and  the  weapon  impact  point  as  calculated  by  the 
weapon  aiming  system  are  both  points  in  space,  which  under  ideal  conditions  should  coincide,  i.e.  zero  miss 
distance.  However,  as  this  is  very  unlikely  to  occur,  a  number  of  points  can  be  chosen  between  the  target 
and  the  calculated  imp  ct  point  such  that  the  separations  between  them  are  accounted  for  by  the  various 
miss  distance  components  of  the  weapon  aiming  system.  This  is  illustrated  in  Figure  3.  Tach  point  in  the 
analysis  scheme  lies  on  either  one  of  two  planes,  the  Reference  plane  which  is  based  on  the  true  height  of 
the  aircraft  or  the  System  plane  which  is  based  on  the  system  height  of  the  aircraft. 

A  basic  block  diagram  of  the  analysis  scheme  is  shown  in  Figure 

Inputs  to  the  analysis  program  are  as  follows 

Range  data  consisting  of  aircraft  position  and  velocity  and  wind  data  from  either  side  of  the  release 
point • 

Aircraft  Syster  data  consisting  " f  hei  ht,  speed,  etc.  frozen  in  the  Weapon  Aiming  Computer  at  weapon 
release. 

Head  Up  Display  film  data  consisting  of  target,  computed  weapon  impact  point  and  computed  target 
indicator  positions  from  frames  either  side  of  the  release  point. 

The  analysis  scheme  determines  the  overall  weapon  miss  distance  and  derives  the  contribution  of  the 
following  error  sources 

System  Height 

Specific  Censor  (Airspeed,  Velocities,  Wind,  etc.) 
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System  Computing 

Release  Time  Computation 

Head  Up  Display  Symbol  Positioning 

Pitch  Angle/Harmonisation 

Azimuth  Steering 

Pilot  Aiming 

Figure  3  as  referred  to  earlier,  shows  the  analysis  scheme  points  for  a  visually  aimed  air-to-ground  weapon 
attack.  These  are  defined  as  follows: - 

T  is  the  Reference  value  of  target  position  and  is  obtained  from  Range  data. 

GR  is  obtained  using  a  model  of  the  Weapon  Aiming  Computer's  (WAC)  ballistic  calculations  with  Reference 
values  of  height,  speed,  wind  and  dive  angle  to  derive  weapon  forward  throw  at  target  height. 

GG  is  obtained  using  a  model  of  the  WAC  ballistic  calculations  with  Reference  values  of  speed,  wind  and 
dive  single  and  System  value  of  height  to  derive  weapon  forward  throw  at  System  height. 

FS  is  obtained  using  a  model  of  the  WAC  ballistic  calculations  with  System  values  of  height,  speed,  wind 
and  dive  tingle  to  derive  weapon  forward  throw  at  System  height. 

ES  is  the  System  value  of  weapon  forward  throw. 

DS  is  the  System  value  of  range  to  the  target. 

CS  is  the  position  of  the  computed  target  indicator  symbol  measured  from  the  Head  Up  Display  film  and 
extrapolated  to  the  weapon  release  instant;  it  is  calculated  using  the  System  value  of  pitch  angle  on  the 
System  height  plane. 

HS  is  the  position  of  the  computed  weapon  impact  point  symbol  and  derived  as  CS. 

BS  is  the  equivalent  of  CS  but  is  calculated  using  the  Reference  value  of  pitch  angle  on  the  System  height 

plane . 

JS  is  the  position  of  the  computed  weapon  impact  point  symbol  and  derived  as  BS. 

BR  is  the  projection  of  BS  on  the  Reference  height  plane. 

AR  is  the  apparent  target  position  on  the  Reference  height  plane. 

X  denotes  across  heading  parameters. 

The  analysis  scheme  combines  the  points  defined  above  to  produce  the  following  contributions  to  the  overall 
weapon  miss  distance:- 

Along  Heading 

GR-T  is  the  overall  weapon  miss  distance. 

(GR-G3)  +  (BS-BR)  System  Height  Error  is  the  miss  distance  due  to  the  error  in  the  System  value  of  height. 

GG-FG  Specific  Censor  Error  is  the  miss  distance  due  to  the  error  in  System  values  of  velocities  and  wind. 

r G-:.'  System  Computing  Error  is  the  miss  distance  due  to  the  difference  between  the  System's  calculation 
of  forward  throw  and  a  calculation  using  the  same  ballistics  model  with  System  data. 

liS-DS  Release  Time  Computation  Error  is  the  miss  distance  due  to  the  difference  between  the  weapon  forward 
throw  calculated  by  the  System  and  the  System's  range  to  target  at  the  weapon  release  instant. 

D.  .-CG  Head  Up  Display  .Symbol  Positioning  Error  is  the  miss  distance  due  to  the  difference  between  the 
System’s  range  to  target  and  the  measured  computed  target  indicator  position  using  System  pitch  angle. 

CG-BG  Fitch  Angle/Harmoniaation  Error  is  the  miss  distance  due  to  pitch  angle  error,  Head  Up  Display 
harmonisation,  datum  dot  positioning,  etc. 

BR-AR  Pilot  Aiming  Error  is  the  miss  distance  due  to  the  difference  between  the  computed  target  indicator 
position  and  the  target  on  the  Head  Up  Display  film. 

AR-T  Windscreen  Distortion  Error  is  the  miss  distance  caused  by  the  optical  distortion  of  the  windscreen. 
Across  Heading 

The  Overall,  System  Height,  Specific  Sensor,  Apparent  System  Computing  and  Pilot  Aiming  Errors  are  defined 
in  the  same  way  as  for  along  heading  errors.  The  remaining  errors  are  as  follows: - 

EXS-HXS  Head  Up  Display  Symbol  Positioning  Error  is  similar  to  the  along  heading  equivalent,  but  uses  the 
computed  weapon  impact  point  instead  of  the  computed  target  indicator  position. 
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HXS-JXS  Pitch  Angle/Harmonication  Error  is  similar  to  the  along  heading  equivalent  but  uses  the  computed 
weapon  impact  point  instead  of  the  computed  target  indicator  position. 

JXS-BXS  Azimuth  Steering  Error  is  the  miss  distance  due  to  the  offset  of  the  computed  weapon  impact  point 
from  the  computed  target  indicator  position  in  azimuth. 

The  analysis  scheme  also  calculates  the  following  weapon  aiming  system  component  errors 

True  Airspeed 

Velocity  along  heading 

Velocity  across  heading 

Vertical  Velocity 

Wind  velocity  along  heading 

Wind  velocity  across  heading 

Height 

Pitch  Angle 

Pilot  Aiming 

Head  Up  Display  Symbol  Position. 

An  illustration  of  the  data  which  is  input  to  >and  output  from  the  analysis  scheme  is  shown  in  Figures  5  and 

6. 


6.  TRIALS  PLANNING 

The  approach  to  weapon  aiming  system  trials,  the  data  recorded  and  the  method  of  analysis  of  this 
data  have  all  been  discussed  in  the  preceding  sections;  for  completeness  a  brief  review  of  the  trials 
planning  aspects  is  given  in  the  following  paragraphs. 

Trials  planning  can  be  divided  into  two  phases,  namely  ground  testing  and  flight  testing. 

6.1  Ground  Testing 

Ground  testing  can  be  divided  between  work  which  is  carried  out  on  a  Weapon  System  Rig  in  integrating  the 
elements  of  the  weapon  aiming  system  and  work  which  is  carried  out  on  the  aircraft  including  the  specific 
on-aircraft  calibrations. 

6.1.1  Weapon  System  Rig 

The  Weapon  System  Rig  is  an  assembly  of  all  the  avionic  units  which  form  the  overall  weapon  system.  The 
avionic  units  are  connected  together  as  they  would  be  on  the  aircraft  and  can  be  operated  as  a  complete 
system.  As  it  is  not  possible  to  function  all  of  the  sensors  on  the  ground,  simulation  techniques  have 
been  developed  which  can  provide  dynamic  inputs  into  those  elements  of  the  weapon  system  which  require 
them.  This  enables  comprehensive  integration  checks  of  the  various  elements  and  functioning  of  the  software 
in  particular,  to  be  checked  prior  to  the  installation  of  equipment  in  an  aircraft. 

The  use  of  a  Weapon  System  Rig  prior  to  the  commencement  of  the  flight  testing  phase  has  been  shown  to 
save  valuable  time  and  expense  by  enabling  the  early  identification  and  correction  of  system  problems  to 
be  achieved.  In  addition  it  has  been  found  possible  to  refer  problems  discovered  during  flight  trials 
back  to  the  System  Rig  for  investigation  under  a  more  controlled  environment  and  at  a  greatly  reduced  cost 
compared  with  continuing  the  investigations  in  flight. 

6.1.2  Aircraft  Ground  Checks 

After  installing  the  equipment  in  an  aircraft  and  carrying  out  the  standard  aircraft  and  equipment  checks, 
harmonisation  of  the  sensors  .and  displays  to  the  airframe  axis  is  carried  out,  i.e.  establishing  the  angular 
references  of  the  various  system  components  to  that  of  the  aircraft's  Longitudinal  Fuselage  Datum.  Trials 
procedures  dictate  that  the  harmonisation  of  the  relevant  sensors  and  displays  is  checked  at  regular 
intervals  throughout  the  flight  trials. 

From  experience  it  has  also  been  found  desirable  to  calibrate  the  aircraft's  windscreen  for  optical 
distortion.  This  is  done  using  photographic  tectmiques. 

6.2  Flight  Testing 

Using  the  analytical  approach  it  is  noces  ary  to  ensure  that  »ll  the  ranging  methods,  .attack  modes  and 
weapon  options  of  the  weapon-aiming  system  are  flight  tested  in  all  regions  of  the  required  flight  envelope. 
It  is  therefore  normal  practice  to  carry  out  a  series  of  attacks  at  a  mid-flight  envelope  condition  for  n 
given  attack  mode,  ranging  method  and  weapon  option,  with  a  reduced  number  of  attacks  at  each  of  the  corner 
points  of  the  weapon  delivery  envelope.  This  is  illustrated  in  Figures  7  .and  o#  For  the  prime  attack  modes 
it  is  Considered  that  typically  of  the  order  of  seven  flight  conditions  should  be  investigated  but  in 
reversi  onnry  *;.od  eo  this  number  is  usually  reduced.  The  main  criterion  in  the  final  choice  of  the  attack 
parameters  is  to  »»nr.ure  that  a  c.uffi  :ient  sample  of  data  is  available  for  the  evaluation  of  the  performance 
of  the  weapon  aiming  system  components  at  each  flight  condition. 

7.  .»)  F/: I  " :i  ATIOW  PROVING 


In  addition  to  using  r.h*'  ground  and  airborne  instrumentation  data  to  determine  the  accuracy  of  the  weapon 
aiming  system  and  its  various  :ampo?i*»nts  it  the  weapon  release  point,  n  more  detailed  comparison  of  the 
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data  obtained  during  the  weapon  aiming  phase  ia  carried  out.  This  involves  a  comparison  of  the  time 
histories  of  relevant  System  and  Reference  parameters  which  provides  valuable  information  with  regard  to 
the  usability  of  the  weapon  aiming  system.  It  also  enables  the  dynamic  behaviour  of  the  system  components 
to  be  examined  and  provides  a  more  detailed  statistical  description  of  their  performance. 

To  handle  the  large  quantities  of  data  involved  in  such  a  comparison,  a  computer  program  called  Interactive 
Trials  Analysis  System  (ITAS)  has  been  developed.  This  system  makes  it  possible  for  either  trials  or 
design  engineers  with  little  or  no  data  processing  experience  to  manipulate  flight  trials  data  in  order  to 
investigate  the  performance  of  the  various  system  components.  This  consists  of  examining  the  performance 
of  the  various  system  components  over  the  full  available  time  history  of  an  attack  either  on  their  own  or 
with  respect  to  other  parameters. 

Figures  9  and  10  illustrate  the  typical  use  of  ITAS  in  producing  a  graphical  representation  of  the  system 
component  error  against  time  and  also  against  another  parameter.  From  the  former  information  a  quantitative 
measure  of  a  system  component's  performance  can  be  determined,  while  from  the  latter  it  possible  to 
assess  the  functioning  of  one  parameter  against  another. 

As  a  result  of  carrying  out  a  flight  trials  programme  which  exercises  the  various  combinations  of  ranging 
methods,  attack  modes  and  weapon  options  ut  the  selected  flight  conditions,  a  large  sample  of  data  relating 
to  the  performance  of  the  system  components  is  available.  To  obtain  the  best  estimate  of  the  performance 
of  the  system  components  the  data  derived  from  each  attack  is  combined  by  statistical  methods.  In  carrying 
out  this  process  it  is  necessary  to  examine  the  data  for  two  main  criteria.  Firstly,  is  the  data  correlated 
with  any  other  parameter,  typically  a  flight  condition,  e.g.  speed.  If  some  correlation  is  found,  it  is 
necessary  to  handle  such  data  in  a  manner  which  observes  the  correlation  criteria,  but  if  no  correlation 
is  present  it  is  possible  to  combine  the  data  as  a  single  large  sample.  Secondly,  is  the  data  a  random 
sample.  This  is  obviously  more  difficult  to  quantify  and  becomes  n  matter  of  judgement  as  to  whether 
sufficient  aircraft,  equipment,  pilots,  etc.  have  been  used  in  the  trials. 

To  establish  the  best  estimate  of  overall  performonce  of  the  weapon  aiming  system,  the  best  estimates  of 
the  performance  for  each  individual  system  components  are  input  to  an  overall  weapon  aiming  sensitivity 
model  which  determines  the  respective  miss  distance  components  at  any  given  flight  condition.  These  miss 
distance  components  are  then  added  together  using  a  statistical  technique  to  determine  the  overall  weapon 
miss  distance,  i.e.  the  aircraft  fleet  performance.  From  the  best  estimates  of  the  performance  of  the 
system  components  it  is  possible  to  check  that  individual  equipments  are  meeting  their  performance  specifi¬ 
cations.  In  addition  from  the  best  estimate  of  overall  miss  distance  it  can  be  seen  if  the  weapon  aiming 
system  as  a  whole  meets  the  requirement  laid,  down  in  the  aircraft  specification. 

S.  CONCLUSION 

This  paper  has  reviewed  flight  trials  methods  an  1  analysis  techniques  which  arc  currently  used  in  the 
assessment  of  an  aircraft's  weapon  aiming  system  and  in  proving  t;.at  it  meets  its  speci fienti on.  These 
trials  form  part  of  the  much  larger  task  of  clearing  an  aircraft  and  its  weapon  system  for  operational  use. 
Emphasis  has  been  placed  on  the  analytical  nature  oi  the  trials  which  while  minimising  the  flight  trials 
required  demands  a  high  degree  of  both  ground  and  airborne  in:  .runenta t ion . 

In  the  future  it  may  be  possible  to  achieve  some  improvement  in  the  accuracy  of  measurement  of  the  reference 
data,  i.e.  aircraft  position  and  velocity.  It  is  considered  however  that  o:  ] basic  siioul  i  be  placed  on 
reducing  the  overall  complexity  of  the  trials  equipment  and  data  processing  required.  In  {^articular  tno 
use  of  automatic  tracking  devices  which  provide  a  direct  output  of  aircraft  por.it ion  -and  velocity  would 
reduce  the  data  processing  require,  nts,  in  addition  to  accelerating  the  availability  of  Reference  data 
for  analysis  purposes,  similarly  automatic  reading  of  Head  l'p  Oisplny  data  by  lining  video  recorders  and 
auto-tracking  replay  devices  would  again  improve  the  overall  efficiency  of  the  analysis. 

In  summary  while  improvements  can  be  foreseen  in  the  areas  of  data  gathering  and  data  processing,  the 
concept  of  determining  the  system  component  errors  at  the  weapon  release  point  and  the  reconstitution  of 
the  overall  miss  uistance  error  from  the  larre  .mmole  of  trials  -iata  will  continue  to  be  the  basis  of  the 
analysis  techniques  for  the  proving  of  future  weapon  aiming  systems* 
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DATA  ACQUISITION  AND  ANALYSIS  SYSTEM  AS  A  TRAINING  DEVICE  FOR 
SIMULATED  CONVENTIONAL  WEAPON  DELIVERY 

by 
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The  Netherlands 

and 

J.  Batenburg 
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1.  INTRODUCTION 

The  tasks  to  be  performed  by  the  pilot  during 
convent ional  weapon  delivery  in  high  speed  fighter 
aircraft  depend  on  the  systems  available  aboard  the 
aircraft,  and  on  the  type  of  weapon  used. 

Presently  the  main  part  of  the  air-to-ground  trai¬ 
ning  method  in  the  Netherlands  consists  of  the 
delivery  of  training  bombs  at  training  ranges. 

The  disadvantages  of  this  method  are: 

-  the  site  of  weapon  delivery  (and  in  many  cases 
also  the  direction  from  which  the  attack  is 
initiated)  is  often  the  same  (learning  effect!) 

-  the  performance  of  the  pilot  is  expressed  in  one 
quantity  only:  the  score.  The  release  conditions 
are  not  measured 

-  the  high  consumption  of  weapons  (expensive!). 

In  order  to  avoid  these  disadvantages,  a  simple 
system,  called:  "Delivery  and  Impact  Analysis 
System”  (RTAS)  has  been  developed  and  tested  by  the 
National  Aerospace  Laboratory  NLR,  under  contract 
for  the  Royal  Netherlands  Air  Force  (RNLAF). 

This  system,  based  on  a  photogrammetric  method, 
yields  release  conditions,  the  nominal  weapon  im¬ 
pact  position  and  the  weapon  time  of  flight.  Simu¬ 
late.!  attacks  on  a  great  variety  of  realistic  tar¬ 
gets  can  easily  be  evaluated  and  validated  as  there 
is  no  need  to  drop  training  weapons .  Furthermore 
n->  ground-base  1  instrumental  ion  in  the  target  area 
is  needed.  Th*»  system  consisting  of  an  airborne 
data  acquisition  system  installed  in  the  aircraft 
and  a  ground-based  processing  and  analysis  system 
at  the  airbase  allows  a  debriefing  of  the  pilot 
within  half  an  hour  after  completion  of  the  mission. 
This  paper  gives  a  description  of  the  system. 
Attention  is  paid  to  the  system  requirements,  the 
system  ^valuation  and  the  implementation  in  an 
ope  rat  ional  NF-‘>  squadron  of  the  RNLAF. 


J.  SYSTEM  REQUIREMENTS 

The  RNLAF  using,  among  others,  NF-5  aircraft 
t  •  ■  trry  ’  it  low  l**vel  attacks  wished  to  have  a 
system  real : cod  for  that  type  of  air. -raft  which 
ch’ili  m' ‘“t  the  f.j  rwing  requirements: 

1.  Accurate  assessment  of  pilot  performance  con¬ 
cerning  simulated  weapon  delivery  in  an  (semi) 
operational  environment  by  yielding: 

-  weapon  re  lease  conditions  and 

-  weapon  impact  positions  for  each  attack  run 

-  statistical  overviews  of  the  mission  results 
in  relation  to  pilot,  weapon ,  target,  dive 
angle  etc. 

Training  of  pilots  concerning  weapon  delivery 
by  a  fast  feed-back  of  the  mission  results, 
i.  A  simple  system  character! zed  by: 

-  a  minimum  of  equipment 

-  a  minimum  of  personel 

-  low  costs 


-  no  influence  on  pilot  procedures  during 
weapon  delivery 

-  easy  handling  of  the  airborne  system  on  the 
ground 

-  user's  friendly  processing  and  analysis 
system. 

4.  No  ground  equipment  in  the  target  area. 

5.  No  aircraft  modif i cations . 

6.  No  influence  on  the  operational  status  and 
handling  qualities  of  the  aircraft. 

Although  the  system  has  no  war  task  and  therefore, 
no  back-up  system  is  needed,  the  RNLAF  expressed 
the  following  requirements  concerning  the  "mean  time 
between  failures"  (MTBF): 

-  airborne  system:  100  flying  hours 

-  ground-based  system:  1000  working  hours. 

Based  on  the  number  of  required  "DIAS"  sorties  per 
aircraft  and  the  related  working  hours  of  the 
ground-based  system  one  failure  every  half  a  year 
may  occur . 


3.  SYSTEM  DESCRIPTION 
3.1  Introduction 

DIAS  consists  of  two  parts,  namely: 

-  an  airborne  data  acquisition  system  attached  to 
the  aircraft  and 

-  a  ground-based  data  processing  and  analysis  system 
at  the  airbase. 

The  airborne  system  contains  a  photo  camera  by  which 
at  the  moment  of  weapon  delivery  two  photographs 
of  a  once  measured  target  area  are  taken.  The  infor¬ 
mation  available  from  both  photographs  is  processed 
and  analyzed  with  the  aid  of  the  ground-based  system 
and  yields  the  results  of  the  attack  carried  out. 

The  ground-based  system  comprises,  among  others, 
a  minicomputer,  a  display  terminal  and  a  photo 
reader. 

A  "DIAS  squadron"  has  at  its  disposal  several  air¬ 
craft  equipped  with  an  airborne  system  and  one 
ground-based  system. 

3*2  Airborne  data  acquisition  system 

The  airborne  system  of  DIAS  contains  the 
following  components: 

-  a  photo  camera  (24  x  36  mm),  ROBOT  motor  recorder 
36  C,  24  VDC  with  an  exposure  time  of  1/500  s. 

The  camera  is  equipped  with  an  object-glass 
"Schneider  Xenon"  f/1.9  -50  mm  and  a  central  type 
shutter 

-  a  release  magneto  (solenoid) 

-  an  automatic  diaphragm  control  unit  of  which  the 
electronics  were  modified  and  integrated  with 

-  an  electronic  unit,  designed  to  control  the 
camera 

-  a  housing  provided  with  a  front  glass  and  a 
retractable  screen  controlled  by  an  electric  motor 
(TRW  Globe  Motors,  type  5  A  548-8). 

1 
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The  retractable  screen  which  protects  the  front 
glass  of  the  housing  against  dust  and  salt  (low 
level  missions)  will  be  opened  during  the  weapon 
delivery  phase  through  the  activation  (pilot's 
action)  of  either  the  "bomb  arming  switch” 

(bombing)  or  the  "armament  position  selector  switch 
centerline"  (rocketry).  Pilot's  actions  during  a 
"DIAS  mission"  do  not  differ  from  those  to  be 
carried  out  normally  during  an  attack  mission. 

In  addition  to  the  modification  of  the  centerline 
pylon  construction  a  minor  modification  concerning 
electrical  wiring  inside  the  pyLon  was  needed 
l power  supply,  signals  to  camera).  Aircraft  modifi¬ 
cations  are  riot  involved. 

M  >  I round- based  data  processing  and  analysis 
system 

The  ground-based  data  processing  and  analysis 
system  that  is  situated  at  the  airbase  consists  of 
the  following  components: 

-  photo  reader  ilAL'  71. 

-  hr,'  general  purpose  computer  FTP  11/ 3^*  (1n  bits, 
"■»  k  words  M\'  memory). 

-  ir  APM-Uj  visual  display  unit. 

i  i  sk  m  its  ( 'A  bytes). 

>f  the  components  of  the  ground-based 
:  based  on :  among  others,  the  folLow- 


(easy  accessible  and  short  time  for  development). 

-  Interactive  programming  facilities 
(editing  activities). 

-  System  reliability 

(mean  time  between  failures  is  1000  hours). 

-  Standardization  in  the  RNLAF. 

-  Costs. 

With  the  aid  of  the  photo-reader  the  developed  film 
negatives  are  projected  on  a  high  resolution 
screen.  The  once  measured  reference  points  (terrain 
features )  in  the  target  area,  visible  on  '  u>  pro¬ 
jection.  are  digitized  and  sent  to  the  computer. 

On  the  basis  of  this  information  together  with 
briefing  data  (meteorological  conditions,  aircraft 
weight  and  eonf  igurat  i  on  etc.  given  by  the  pilot) 
and  data  stored  on  the  magnetic  disK  (specifica¬ 
tions  of  camera,  target,  etc.)  the  analysis  M  w* 
attack  is  car r i ed  •  m t . 

The  results  of  the  attack  run  are  .iisplayel  >n  a 
printer  ouLput  fTab.1). 

All  run  results  ire  stored  on  disk  *  provi  io  a 
statistical  overview  of  the  resui,s  in  r-latin  ♦ 
pilot,  weapon,  target  etc.  (Tab./  . 
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TABLE  2 

STATISTICS  OF  DIAS  RUN  RESULTS 

DATE  OF  PRINTOUT:  OPERATOR:  VERSION: 

SELECTED  PARAMETER  VALUE  LOWER  BOUND  UPPER  BOUND 

DATE 

SORTIE  NUMBER 
PILOT  CODE 
FLIGHT  POSITION 
AIRCRAFT  CODE 
CAMERA  CODE 
TARGET  CODE 
WEAPON  CODE 
PLANNED  TAS  (kts) 

PLANNED  DIVE  ANGLE  (deg) 

PLANNED  HEIGHT  (ft) 

LIFE  DELIVERY  (NO/ YES) 


DELIVERY  PARAMETERS  (NUMBER  OF  RUNS  =  )  MEAN  ST. DEVIATION 

TAS  ERROR  (kts) 

DIVE  ANGLE  ERROR  (deg) 

BANK  ANGLE  (deg) 

NORMAL  LOAD  (g) 

HEIGHT  ERROR  {%) 

SIMULATED  IMPACT  ( NUMBER  OF  RUNS*  ) 

RANGE  ERROR  (ft) 

DEL FLECTION  ERROR  (ft) 

ACTUAL  IMPACT  ( NUMBER  OF  RI JNS*  ) 

RANGE  ERROR  (ft) 

DEFLECTION  ERROR  (ft) 

DUD  (NUMBER  ()F  RUNS*  ) 

DUD  -  RATE  =  % 


*♦ .  SYSTEM  EVALUATION  U.C.J  Calculation  technique 

As  already  mentioned  before  mission  planning  data, 

.  1  General  available  through  the  pilot,  constant  system  data. 

After  having  carried  out  an  investigation  stored  in  the  data  base  of  the  ground-based  system 

about  the  feasibility  of  the  photogramme trie  method  and  the  information  available  from  two  photographs, 

to  be  applied  for  DIAS  (l),  the  analysis  technique  taken  of  the  target  area  at  the  moment  of  simulated 

eas  tested.  For  the  system  performance  tests.  Life  weapon  delivery  are  needed  to  determine  the  attack 
deliveries  on  a  weapon  range  were  executed  (.’).  performance. 

Use  was  made  of  an  instrumented  NF-'-A  test  aircraft  Table  3  gives  an  overview  of  these  data, 

f  3)  equipped  with  a  DIA3  airborne  system  (proto-  In  the  following  the  analysis  method  is  described  in 

ty  p  e ) .  ge  ne  ra  1  t  e  rms . 

The  processing  of  data  (photographs)  and  the  data 

analysis  were  carried  out  with  the  aid  of  photo-  The  phot.ogrammetric  method, 

reader  and  computer  fat*  i  l  it  ten  of  the  NLR, 

The  photogrammetrie  method,  used  to  determine  the 

In  r b  r  to  establish  t.he  airworthiness  of  the  position  and  attitude  of  a  camera  with  the  aid  of  a 

a i Thorn*1  system,  tests  on  the  ground  as  well  as  photograph,  taken  of  a  defined  object,  is  based  on 

luring  flight.  w«-re  carried  out.  the  fact  that  there  is  only  one  position  from  which 

this  object  can  be  seen  the  way  it  is  displayed  on 
■  ■ . .  ‘  s  t  cm  per  fo  rmanc  ■  •  the  photograph. 

Expressed  in  mathematical  terms: 

I _ General  the  camera  has  to  be  translated  as  well  as  rotated 

R.*fir»*  DTAG  was  reali/.ed  an  investigation  was  such  that  the  image  vectors  on  the  photograph,  trans- 

arr;*-i  ut  to  •  ■stab!  i  sh  the  feasibility  of  such  formed  to  the  object  co-ordinate  system,  cover  com- 

•t  system.  During  this  study  the  analysis  technique,  pletely  the  object  vectors  in  length  and  direction, 
has**  1  a  a  photogramm»*t  r  ie  method  was  developed.  More  background  information  about  the  mathematical 

Att*-nt :  'in  is  paid  t.«,  the  analysis  method  applied  in  procedures  is  given  in  ( u  ) ,  ( n)  and  (b)  . 

D » A»‘.  arid  information  is  given  about  the  accuracy 

■'f  th»*  c.yst'T.:.  Finally  the  performance  flight  tests  Camera  attitude  with  respect  to  the  aircraft. 

•arri**d  out,  to  verify  the  analysis  technique  are 

b  :-*r;f'*l.  The  bottom  of  the  forward  part,  of  the  aircraft 


TABLE  i 

Data  needed  for  the  analysis  of  a  DIAS  mission 


mission 

subject  planning  data  base  mission  data 

_ _ data _ 

aircraft  -  tail  number  -  position  of 

-  configuration  reference  points 

-  fuel  remaining  and  camera 

over  target  -  conf iguration 

data 

-  gun  sight 


position 


target  -  target 

number 


-  position  of 
reference  points 
including  target 

-  target  altitude 
above  mean 

sea  level 


camera  -  camera  -  focus  -  .?  photos 

number  _  measures 

of  negative 

-  time  period 
between  photos 

weapon  -  wean  vj  tyre  _  ballistic 

-  fu.-e  uratng  table 

i-'i  iy  :  irri"  -  maximum  fuse 

’  ;  arming  delay 

time  setting 

-  positive  tolerance 
fuse  arming  delay 
time  setting 

mo toon '  Log i c  a i *  -  wind 
conditions  in  -  temperature 
target  area  -  pressure  (QNH) 

planned  -  dive  angle** 

delivery  -  airspeed** 

lata  -  release  .altitude** 

-  sight  1-: ression 

_ _  of  gun  sight 

*  Normally  forecast  lata  arc  available. 

In  case  of  life  deliveries  n  a  weapon  range  actual  data  are  taken. 

In  case  the  piiot  experiences  other  wind  conditions  than  forecasted,  and  he  adjusts  his 
planned  delivery  parameters,  the  changed  wind  conditions  will  be  taken  for  the  analysis. 
**  These  data  are  not.  needed  for  th>  analysis  but  are  used  to  indicate  pilot's  errors. 


fuselage  has  b*»en  provided  with  **  (aircraft.)  refe¬ 
rence  points  of  which  the  positions  together  with 
the  camera  position  have  been  measured  once  in 
relation  to  the  aircraft  co-ordinate  system.  These 
reference  points,  visible  on  the  photograph,  are 
used  to  calibrate  the  camera  attitude  for  each 
attack  run  with  the  photogramme t r ic  method. 

Position  and  attitude  of  the  aircraft  with  respect 
to  the  target. 

Every  DIA1>  target  is  selected  by  the  requirement  of 
having  terrain  features  which  can  serve  as  target 
reference  points.  The  position  of  each  point  is 
measured  once  (infrared  theodoLite)  in  relation  to 
the  target.  With  these  reference  points,  visible  on 
the  photograph,  the  position  and  attitude  of  the 
camera  and  thus  of  the  aircraft  can  be  determined. 
Having  analyzed  the  photograph,  taken  at  the  moment 
of  weapon  delivery,  the  following  release  conditions 
are  already  known: 


-  release  altitude 

-  heading  of  aircraft. 

Together  with  the  second  photograph,  taken  3^0  ras 
after  weapon  delivery,  the  following  parameters  are 
determined: 

-  ground  speed 

-  ground  track. 

Angle  of  attack,  dive  angle  and  true  airspeed. 

Because  of  the  fact  that  the  dive  angle  is  one  of 
the  most  critical  delivery  parameters  much  attention 
is  paid  to  calculate  this  variable  as  accurate  as 
possible . 

During  the  performance  flight  tests  it  appeared  that 
the  calculation  of  the  dive  angle  by  using  both 
known  positions,  was  too  inaccurate  because  very 
often  a  curved  flight  path  was  flown. 

For  that  reason  the  dive  angle  is  calculated  as  a 
function  of  the  angle  of  attack,  true  airspeed 
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(function  of  ground  speed  and  dive  angle),  meteo¬ 
rological  and  aircraft  data  and  taking  into  account 
pitch  rate  effects. 

The  dive  angle  calculation  is  executed,  using  an 
iterative  process  because  both  angle  of  attack  and 
dive  angle  are  unknown. 

Note:  If  the  wind  information  is  incorrect  the  true 
airspeed  will  also  be  incorrect.  But,  as  the 
pilot  plans  (and  executes)  the  attack  with 
the  wind  information  available,  the  results 
are  also  based  on  this  information. 

The  normal  load  factor. 

The  normal  load  factor  is  derived  from  the  true 
airspeed  and  angle  of  attack  taking  into  account 
pitch  rate  effects. 

Side-slip  indication. 

In  case  the  aircraft  ground  track  and  heading  are 
net  identical.,  the  difference  may  be  caused  by 
either  drift  or  slip  or  by  both. 

If  the  difference  does  not  match  with  the  cross 
wind  component  and  aircraft  speed  it  is  concluded 
that  the  pilot  initiated  a  side-slip  condition. 

This  is  indicated  in  the  run  results. 

Pipper  position. 

The  pipper  position  in  the  ground-based  reference 
frame,  at  the  moment  of  weapon  delivery  is  calcula¬ 
ted  by  using  the  position  of  the  gun  sight  with 
respect  to  the  aircraft  reference  frame,  the  air¬ 
craft  position  in  relation  to  the  target  and  taking 
into  account  the  angle  of  attack  and  the  sight 
depression  set  by  the  pilot. 

Weapon  impact  position  and  weapon  time  of  flight. 

For  the  calculation  of  the  (nominal)  impact  posi¬ 
tion  and  time  of  flight,  use  is  made  of  ballistic 
weapon  tables,  also  used  by  the  pilots  to  plan  the 
delivery . 

In  case  the  actual  value  of  a  delivery  parameter 
is  not  available  in  the  table,  an  interpolation  is 
performed,  using  a  second  degree  polynomial. 

4.2.3  Accuracy 

In  this  section  the  most  important  error  sources 
of  the  system  are  described.  Furthermore  an  experi¬ 
ment  carried  out,  to  determine  the  errors  and  thr“’ 
influence  on  the  results  are  discussed.  Finally  .ie 
overall  accuracy  will  be  given. 

The  most  important  error  sources  are: 

-  measurement  of  target-  .and  aircraft  reference 
points 

-  photo-camera 

-  read-out  of  photographs 

-  delay  time  of  weapon  release. 

Because  the  system  is  used  in  combination  with  a 
flying  aircraft  some  system  errors  are  caused  by 
motion  only.  For  that  reason  distinction  is  made 
between  "dynamic”  and  "static"  errors. 

"DTNAMI ERRORS 

Shutter  time  of  camera. 

The  nominal  shutter  time  of  the  cameras  in  use  is 
2  ms  which  is  tested  for  each  camera.  This  value 
appears  to  be  correct. 


During  the  exposure  of  the  film  the  aircraft  covers 
a  certain  distance  in  longitudinal  direction. 
Furthermore  the  left  hand  side  of  the  photograph  is 
exposed  1  ms  earlier  than  the  right-hand  side 
causing  a  position  shift  of  reference  points  on  the 
left-hand  side  with  respect  to  the  points  on  the 
right-hand  side. 

Taking  into  account  an  aircraft  speed  of  500  kt  and 
a  slant  range  of  2000  ft  to  the  target,  this  shutter 
time  causes  a  position  error  of  about  3  ft  and  an 
attitude  error  of  about  0.02°. 

Elapsed  time  between  both  photographs. 

The  electronics  which  control  the  time  period 
between  both  photographs  is  adjusted  to  3^0  ms. 

Tests  on  the  ground  as  well  as  in  flight  showed  that 
the  maximum  deviation  is  1  ids. 

Based  on  an  aircraft  speed  of  500  kt  and  a  timing 
error  of  1ms  a  position  error  of  about  1  ft  is  caused. 

Delay  time  of  weapon  release. 

With  flight  tests  during  which  actual  deliveries 
were  carried  out  the  delay  times  between  "pickle" 
moment  (pilot’s  action)  on  the  one  hand  and  the 
real-  and  "DIAS"  release  moment  (first  photograph) 
on  the  other  hand  were  measured.  The  "DIAS"  release 
occurred  33  ras  after  "pickle"  while  the  actual 
release  took  place  25  to  UO  ms  after  "pickle". 

Taking  into  account  both  the  camera-  and  actual 
weapon  release  time  delay  a  difference  of  10  ms 
exists . 

Based  on  that  difference  and  an  aircraft  speed  of 
500  kt  an  impact  error  of  about  8  ft  is  caused. 

"STATIC"  ERRORS 

Measurement  of  target-  and  aircraft  reference  points. 

The  positions  of  the  target  reference  points  (geo¬ 
graphical  features)  with  respect  to  the  target  are 
measured  with  the  aid  of  an  infrared  theodolite. 

The  accuracy  of  the  measurements  is  within  10  cm 
for  the  relevant  distances. 

The  positions  cf  the  aircraft  reference  points  rith 
respect  to  the  photo-camera  are  measured  with  the 
aid  of  a  theodolite.  The  measurements  are  carried 
■'  with  the  aircraft  levelled  (also  used  for  cali¬ 
bration  of  the  gun  sight).  The  accuracy  of  the  mea¬ 
surements  is  within  1  mm. 

Camera  focus. 

The  focal  distance  (50  ram  nominal)  of  each  camera  in 
use  is  calibrated  with  an  accuracy  of  o.l  %. 

Tens  distortion. 

To  avoi  i  the  influence  of  lens  distortion  (edges  of 
the  lenses)  reference  points  visible  on  the  edge  of 
the  photograph  (within  10  %  of  the  width)  are  not 
used  for  the  analysis. 

Read-out  of  photographs . 

The  photographs  (negative)  is  enlarged  1^  times  on 
the  photo-reader  screen  which  means  that  the  pro¬ 
jection  measures  are  about  3^  x  50  cm. 

Read-out  tests  showed  that  well  defined  reference 
points,  visible  on  the  photograph  can  be  read  out 
with  an  accuracy  of  0.2  mm. 

The  linearity  of  the  photo-reader  which  has  been 
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tested,  is  excellently. 

Experiment. 

In  order  to  establish  the  total  ’’static"  error  an 
experiment  was  carried  out  during  which  with  a 
calibrated  camera  (fixed  position)  photographs  were 
taken  of  an  area  with  8  reference  points.  The 
greatest  distance  between  the  camera  and  the  refe¬ 
rence  points  was  about  2000  ft.  With  the  aid  of 
the  DIAS  calculation  process  the  camera  position 
and  attitude  were  determined.  This  experiment 
showed  a  maximum  position  error  of  A. 5  ft  (standard 
deviation  1.5  ft)  and  maximum  attitude  errors  of 
less  than  0.1°  (standard  deviation  0.03°). 

OVERALL  ACCURACY 

Taking  into  account  the  experimental  "static" 
errors  as  well  as  the  "dynamic"  errors  (except  for 
"delay  time  of  weapon  release")  it  is  concluded 
that  the  overall  accuracy  of  the  DIAS  position  and 
attitude  determination  process  is  given  by  8  ft  and 
0.1°  (95  £  confidence  level)  respectively. 

Based  on  the  position  error  and  the  time  period  of 
340  ms  between  both  photographs  the  maximum  air¬ 
speed  error  (95  %  probability)  is  W  kt. 

Making  use  of  the  ballistic  tables  available  and 
taking  into  account: 

-  the  position-,  attitude-  and  airspeed  errors 
mentioned  before 

-  a  less  accurate  calculation  of  the  angle  of 
attack  and  dive  angle  (accuracy  is  0.15°) 
and  furthermore  the  variation  of: 

-  weapon  characteristics  (weight,  drag) 

-  aircraft  characteristics  \e.g.  lift  curve  slope) 

-  meteorological  data 

-  delay  time  between  "DIAS"  and  actual  release 
moment 

the  following  impact  errors*  (circular  error  pro¬ 
bable;  .'HP)  were  expected  during  the  performance 
flight  tests  to  be  carried  out: 

-  bombing  2EP  =  5 >  ft 

-  gunnery  CEP  -  '  ft 

-  rocketry  2EP  =  nD  ft. 

4.2,4  Performance  flight  tests 

In  order  to  evaluate  the  DIAS  performance,  flight 
tests  were  carried  out  with  an  instrumented  NF-5A 
test  aircraft  of  the  RNLAF  (.’). 

During  the  program  r*  missions,  consisting  of  in 
total  attack  runs  were  carried  out  on  a  weapon 
range.  De lever ies  were  made  with  20  MK- 10o's,  28 
BDU-  3  3Bf  3  and  5  MK-82  H*s. 

A  number  of  8  BDU-33B’s  were  delivered  under  so- 
called  "bunting  relase"  conditions  (large  deviations 
from 'steady  3taf.eM  conditions,  especially  side-slip). 

In  the  following,  information  needed  for  a  good 
understanding  of  the  flight  tests  results  obtained, 
is  given: 

1.  The  target  area  was  provided  with  9  reference 
points  equally  distributed  over  the  area.  All 
points  were  (always  visible)  taken  into  account 
for  the  analysis. 

2.  The  actual  impact  positions  were  measured 
accurately . 

3-  Four  photographs  within  1  s  were  taken,  to 
determine  the  best  time  interval  for  future 
DIAS  photographs. 

♦difference  between  the  actual  and  predicted  impact 
positions . 


4 .  The  release  conditions  varied  as  follows : 

-  dive  angle  ;  0-15  deg 

-  slant  range  :  1200  -  2300  ft 

-  release  height  ;  170  -  630  ft 

-  airspeed  :  4)5  -  500  kt 

-  normal  load  :  0.9  -  1.4  g. 

5.  Use  was  made  of  actual  meteorological  data. 

From  the  performance  flight  tests  the  following 
conclusions  can  be  summarized: 

1.  The  circular  error  probable  (CEP)  and  standard 
deviation^  j  of  the  differences  between  the 
actual  and  predicted  (DIAS)  impact  positions, 
were: 

a.  BDU-33B 

20  deliveries  "steady  state"  release  condi¬ 
tions  : 

CEP  -  35  ft  S  =  32  ft 
8  deliveries  "bunting"  release  conditions: 
CEP  *  81  ft  S  =  47  ft 

b.  MK- 106 

20  deliveries  "steady  state"  release  condi¬ 
tions  : 

CEP  =  42  ft  S  =  2)  ft 

c.  MK-82R 

5  deliveries  "steady  state"  release  condi¬ 
tions  : 

CEP  =  43  ft  S  -  34  ft. 

2.  The  values  of  the  delivery  parameters  obtained 
by  the  aircraft  special  PCM  instrumentation 
system  and  those  obtained  with  the  DIAS  method 
agreed  within  the  measurement  accuracy  of  both 
systems . 

3.  During  the  flight  tests  it  was  found  that  two 
photographs  taken  with  a  time  interval  between 
300  and  350  ms  would  be  most  appropriate  to 
the  analysis. 

4.  Although  DIAS  is  able  to  analyse  (by  approxima¬ 
tion)  non-steady  state  deliveries,  it  has  to 

be  emphasized  that  the  results  obtained  in 
those  cases  must  be  considered  with  some  reser¬ 
vation. 

During  the  flight  tests  no  gunnery  and  rocketry 
attacks  were  carried  out.  It  is,  however,  expected 
that  the  impact  errors  for  both  attack  types  are 
within  the  accuracy  mentioned  in  the  previous 
sec t i on . 

4.3  Airvortniness  of  the  airborne  data  acquisition 
system 

Ground-based  tests. 

To  establish  the  airworthiness  of  the  airborne  sys¬ 
tem  the  following  tests  were  carried  out: 

-  altitude  test 

-  temperature/humidity  test 

-  vibration  test 

-  electro  magnetic  interference  (EMI)  test. 

An  EMI  test  with  the  system  attached  to  the  aircraft 
was  also  carried  out. 

Te  tests  were  executed  for  the  prototype  system  as 
well  as  for  the  series  production. 

In  summary  it  can  be  stated  that  the  airborne  system 
has  withstanded  the  tests  excellently. 

Flight  Lests. 

As  is  customary  when  new  aircraft  configurations 
are  to  be  certified,  the  following  subjects  are 
investigated: 

-  structural  strength 

-  flying  qualities 
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-  flutter 

-  aircraft  performance 

-  store  separation. 

Structural  strength. 

The  DIAS  centerline  pylon  nose  has  to  withstand 
the  loads,  that  will  be  imposed  under  the  flight 
condition  listed  in  table 


TALBE  U 


!  acceleration  (g) 

1 

airspeed 
(kt ) 

Mach 

number 

longitudinal 

1  lateral 

1  vertical 

*  2 

720 

uLI_ 

The  structural  strength  of  the  nose  is  considera¬ 
bly  in  excess  of  the  requirement,  as  stiffness, 
necessary  to  obtain  a  good  camera  platform,  was 
the  dominant  factor  in  determining  the  dimensions 
of  the  construct ion.  Hence,  it  was  decided  not  to 
evaluate  the  structural  strength  aspects  by  means 
of  flight  tests,  but  only  to  demonstrate  structu¬ 
ral  integrity,  by  flying  up  to  the  limits,  imposed 
by  the  aircraft  itself. 

Flying  qualities. 


air  load  measuring  store  described  in  (8).  The 
results  were  compared  with  data  obtained  earlier  in 
combination  with  a  normal  centerline  pylon. 

The  normal  and  lateral  force  components  as  well  as 
yawing  and  rolling  moment  coefficients  were  identi¬ 
cal  in  both  cases. 

With  the  normal  pylon,  no  effect  of  Mach  number  on 
the  pitching  moment  coefficient  was  present,  where¬ 
as  with  the  DIAS  nose  there  is.  Furthermore  with 
the  DIAS  nose  the  moment  coefficient  is  more  nose 
up  at  low  angles  of  attack  and  low  Mach  numbers. 

With  the  knowledge  of  the  separation  behaviour  of 
empty  centerline  tanks  (low  density)  which  is  most 
critical  (9)  and  because  of  the  measured  small 
increase  of  the  pitching  moment  coefficient  (0.011) 
caused  by  the  DIAS  nose  it  has  been  concluded  that 
the  effect  of  the  change  in  local  air  flow  due  to 
the  DIAS  nose  on  store  separation  is  negligible  so 
that  store  separation  flight  limits  are  not  affected 

Subsequently  demons trat ion  flights,  covering  the 
program  of  the  airworthiness  test  flights  (excluding 
performance  items),  a  ’’cold  soak”,  followed  by 
flight  in  a  warm,  moi  st  atmosphere ,  while  operating 
the  DIAS  system,  were  carried  out.  A  proper  opera¬ 
tion  of  the  system  during  the  most  extreme  condi¬ 
tions  was  demonstrated . 


The  location  of  the  DIAS  nose  is  such,  that  no 
changes  in  the  distribution  of  the  lift  over  the 
wing  will  occur,  nor  will  the  airflow  over  the 
elevators  be  affected.  Thus,  no  changes  in  the 
overal  flying  qualities  of  the  aircraft  due  to 
aerodynamic  effects  will  occur. 

The  mass,  added  due  to  DIAS  (30  lbs)  results  in  a 
shift  in  the  centre  of  gravity  of  the  aircraft, 
but  the  shift  will  be  small  (less  than  0.1  # 
m.a.c.).  Furthermore,  the  shift  will  be  in  a 
forward  direction,  which  is  beneficial  for  flying 
qualities. 

Based  on  these  considerations  it  was  decided  that 
a  special  in  flight  evaluation  of  flying  qualities 
was  not  necessary.  No  anomalies  were  noted  during 
the  flights  carried  out  so  far. 

Flutter. 

Past  experience  (extensive  analysis  of  various 
NF-3  configurations,  verified  by  flight  tests)  has 
shown  that  the  amount  of  mass,  installed  at  the 
centerline  pylon  hardly  affects  the  flutter 
behaviour  of  the  aircraft.  As  the  mass  addition 
due  to  DIAS  is  rather  Low,  it  was  decided  that  no 
flutter  analysis  was  required. 

Aircraft  performance. 

T>  "stablish  the  increase  in  drag  number,  perforn- 
a:j  *e  measurements  were  carried  out  and  compared 
w.tri  measurements  executed  during  flights  with  the 
rmal  centerline  pylon. 

Vhe  results  of  the  te3ts  showed  that  the  effect  of 
*•?.»*  DIAS  nose  on  aircraft  performance  is  quanti- 
f i  by  a/<  increase  of  the  basic  configuration 
J raw,  number  '  r)  with  *>  counts  which  is  negligible. 

*  r**  m*  par  at  i  on . 


nang**  in  geometry  of  the  centerline  pylon 
i  1.  the  air  loads  acting  on  captive  stores 

•  h  is  the  behaviour  of  these  stores  during  s^para- 

*  .  »n  may  affected.  To  evaluate  the  magnitude  of 

-hange  measurements  were  carried  out  using  the 


b.  IMPLEMENTATION  OF  DIAS  IN  AN  OPERATIONAL 
NF-5  SQUADRON 

Because  of  the  results  obtained  the  RNLAF 
df cided  to  realize  DIAS  for  "operational"  use. 

For  the  present  one  NF-r;  squadron  of  the  RNLAF  has 
been  equipped  with  DIAS. 

The  squadron  has  at  its  disposal  a  ground-based 
system  and  5  aircraft  equipped  with  an  airborne 
system. 

In  total  1000  DIAS  sorties,  consisting  of  0000  to 
U000  attack  runs,  will  be  carried  out  per  year.  A 
large  number  of  targets  are  available. 

Dependent  on  the  results  to  be  obtained  during  the 
first  half  year,  more  aircraft  will  be  involved  and 
other  NF-5  squadrons  will  be  equipped  with  DIAS. 

At  the  moment  the  squadron  is  not  yet  "DIAS  opera¬ 
tional",  so  no  more  information  herein  can  be  given. 
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SUMMARY  OF  SESSION  I  -  NAVIGATION/ATTACK  SYSTEMS  TESTING 


The  seven  papers  presented  in  the  area  of  "Navigation/Attack  Systems  Testing"  seemed  to 
indicate  that,  from  a  pure  test  standpoint,  the  current  navigation  testing  procedures 
are  well  defined  and  aided  by  modern  measurement  and  recording  equipment.  Themes,  and 
questions,  indicated  that  if  anything  remains  it  is  the  need  to  pre-plan  complementary 
ground-based  simulations  prior  to  flight  testing,  and  interest  still  exists  in  failure 
aspects  during  testing  and  redundancy  concepts. 

In  respect  to  attack  system  testing,  a  clear  trend  of  analytical  models  to  he’.-  locate 
system  problems,  or  reduce  testing  costs  for  scoring  students  during  training,  emerged. 
The  analytical  tie  included  both  off-line  computations  and  ground-based  simulator  work 
to  expand  the  overall  data  base  and  validate  the  analytical  methods.  Questions  here 
were  directed  at  the  details  of  the  more  advanced  systems  (e.g.,  terrain-following  per¬ 
formance,  specific  display  formats,  etc.)  rather  than  test  methods  per  se. 

May  be  it  would  have  been  better  to  have  had  a  lead  paper  like  the  seventh  paper  which 
gives  at  the  same  time  a  general  view  and  enough  details  about  the  subject  to  prepare 
the  audience  for  the  other  papers. 

In  all,  it  was  a  good  session  with  quite  adequate  audience  participation.  The  attack 
system  testing  aspects  appear  to  be  only  the  tip  of  the  iceberg  in  terms  of  the  many 
sophisticated  systems  just  coming  into  being.  For  both  systems  the  need  for  a  "global" 
view  of  them  was  emphasized,  i.e.,  treat  them  as  part  of  the  total  system  rather  than 
isolated  sub-systems. 


AIR-TO-AIR  GUNNERY  SYSTEMS  TEST  AND  EVALUATION 

by 

John  A.  Wiles 

U.S.  Air  Force  Flight  Test  Center/SES 
Edwards  AFB ,  CA  93523 
U.S .A. 


In  the  past  few  decades,  the  test  and  evaluation  of  aircraft  guns  and  gunsights  has 
been  generally  qualitative.  In  1978,  several  years  of  effort  at  the  Air  Force  Flight  Test 
Center  (AFFTC) ,  Edwards  Air  Force  Base,  California,  culminated  in  the  development  of  a 
flight  test  system  for  air-to-air  gunnery  evaluation.  The  system  is  theoretically  capable 
of  evaluating  any  gunnery  system  installed  on  an  instrumented  aircraft.  It  was  developed 
and  tested  using  a  icorable  tow  tarqet  system,  an  analysis  software  package,  and  three 
independent  fliqht  evaluations  of  current  fiqhter  aircraft.  Use  of  this  flight  test 
system  over  a  two-year  period  led  to  the  preliminary  conclusion  that  the  combination  of 
ballistic  prediction  software  and  tow  targets  with  miss  distance  measurement  capability  can 
provide  analysis  results  accurate  to  within  three  milliradians  (reference  9-1,  9-2,  9-3). 
The  system  has  operational  test  and  evaluation  application  as  well  as  use  for  developmental 
testing . 

INTRODUCTION 

The  flight  test  system  for  air-to-air  gunnery  evaluation  now  in  use  at  the  AFFTC  is 
composed  of  hardware,  software,  and  test  procedures.  The  hardware  consists  of  aircraft 
flight  test  instrumentation,  time  code  generators,  film/video  recorders,  and  airborne 
targets  for  uoth  live  and  dry  firing  tests.  The  software  consists  of  a  series  of  computer 
programs  for  tiie  following:  (a)  reading  target  position  and  gunsight  parameters  from  film 
or  video  data,  (b)  reading  aircraft/fire  control  parameters  from  instrumentation  tape, 

(c)  calculating  trajectory  data  and  probability  of  hit,  Pjj,  and  (d)  printing/plotting  the 
results.  The  procedures  consist  of  ground  test  and  harmonization,  tracer  line  matching, 
air-to-ground  validation  firinq,  and  envelope  determination/expansion  tests.  This  paper 
will  cover  each  of  these  areas  in  sufficient  detail  so  that  an  armament  engineer  can  use 
the  method.  It  will,  however,  be  general  enough  for  modification  to  accommodate  the 
hardware  and  software  available. 

The  paper  begins  with  a  short  review  of  the  gunnery  lead  angle  problem  and  the  gun- 
sight  types  currently  in  use.  The  test  equipment  is  then  discussed.  The  methodology  is 
presented  in  the  step-by-step  manner  used  to  facilitate  an  orderly  conduct  of  the  flight 
test  program.  Finally,  the  methods  of  data  analysis  are  outlined  and  sample  results  given. 

BACKGROUND 

Before  the  subject  of  gunnery  test  and  evaluation  is  discussed,  a  review  of  the 
fire  control  problem  is  presented  for  the  reader.  The  development  of  the  lead  angle  equa¬ 
tion  is  neither  didactic  nor  rigorous.  It  is  presented  only  to  familiarize  the  reader 
with  ttie  author's  use  of  terms. 

Lead  Angle  Computation 

The  problem  of  aiming  the  gun  in  air-to-air  combat  is  somewhat  more  complicated  than 
in  air-to-ground  strafe.  Not  only  is  the  firing  aircraft  (called  the  shooter  or  fighter) 
generally  maneuvering  under  high  g  and  high  q  (dynamic  pressure)  conditions,  the  target  is 
maneuvering  to  avoid  being  fired  upon.  Therefore,  the  fighter  pilot  must  consider  his  own 
maneuver  as  well  as  that  of  the  target  when  attempting  to  aim  the  gun.  Three  factors  are 
of  primary  importance  when  determining  the  lead  angle  required  for  correct  gun  aiming: 
time  of  fliqht  (TOF)  of  the  bullet  from  the  gun  to  the  target,  line  of  siciht  (LOS)  rate  of 
the  target  with  respect  to  the  gun  muzzle,  and  gravity  drop. 

Time  of  fliqht  can  be  calculated  by  integrating  the  bullet  state  vector  from  the  time 
of  firing  until  the  bullet  reaches  the  target.  Target  motion  must,  of  course,  be  calcu¬ 
lated.  The  integration  is  complex  and  time  consuming.  Therefore,  time  of  fliqht  is  gen¬ 
erally  estimated  based  upor.  range  to  the  target,  range  rate,  fighter  velocity,  muzzle 
velocity  of  the  gun  and  a  simplified  drag  model  of  the  bullet.  The  lead  angle,  X  (lambda), 
required  for  correct  gun  aiming  is  stiown  in  Figure  9-1,  In  order  to  correctly  aim  the  gun, 
the  fighter  pilot  must  predict  where  the  target  will  be  one  time-of-f 1 ight  later.  If 
tiie  gun  is  fired  at  an  angle,  X,  in  front  of  the  target,  collision  between  the  bullet  and 
target  will  occur  in  one  time-of-f I ight.  If  target  motion  is  constant,  the  lead  angle  can 
be  approximated  by  dividing  the  range  (It)  into  the  distance  traveled  by  the  target 
(velocity  (VT>  *  TOF): 

V  *  TOF 
,  T 


K 


(9-1) 


But  the  target  velocity  is  generally  unknown.  LOS  rate  ((d  )  can,  however,  be  estimated 
on  board  the  fighter.  We  know  that:  1 


Thus , 


(9-2) 

(9-3) 


Under  tracking  conditions,  can  be  approximated  by  the  pitch  rate  of  the  fighter  and 
used  in  the  calculation  of  A.  This  is  the  simplest  form  of  the  lead  angle  equation. 

All  other  terms  are  for  the  improved  accuracy  of  implementing  this  equation  and  presenting 
it  to  the  pilot.  In  addition  to  correct  lead  angle,  the  pilot  may  need  an  estimate  of 
gravity  drop,  especially  for  longer  firing  ranges.  To  illustrate,  the  gravity  drop  at  a 
range  of  300  meters  (m)  (TOF  =  .35  seconds)  is  only  about  .6m,  or  2  mils.  Gun  dispersion 
would  easily  make  up  for  this  minor  error.  At  750m  (TOF  =  1  second) ,  gravity  drop  is  5m, 
or  6.5  mils.  Even  perfect  aiming  on  a  fighter-size  target  could  result  in  a  complete  miss. 
Gravity  drop  in  mils  is  approximated  by  the  expression: 


Drop  =  9.8  *  (TOF)2 
~~1  *  Range 


x  1000 


(9-4) 


Again  time-of-f light  becomes  important.  There  is  one  further  complication  in  displaying 
the  lead  angle  and  drop  to  the  pilot:  his  own  orientation.  In  air-to-air  combat,  the 
pilot  does  not  know  which  way  is  up  in  the  world  around  him,  only  in  relationship  to  his 
moving  reference  -  his  fighter.  Thus,  the  lead  angle  required  (which  is  determined  in 
inertial  space)  and  gravity  drop  (which  is  determined  relative  to  the  real  "down")  must 
be  summed  vectorially,  transformed  into  the  aircraft  coordinate  system  (through  the  Euler 
angles)  ,  translated  to  the  Head  Up  Display  (HUD)  which  is  not  at  the  same  point  on  the 
fighter  as  the  anqle  sensor  unit,  and  finally  converted  into  HUD  coordinates  for  display. 
This  simple  development  neglects  gun  and  HUD  orientation  with  respect  to  the  airframe, 
angle  of  attack,  sideslio,  bullet  tin  off,  g-’ro  precession,  lump,  swerve,  gun  location, 
and  a  multitude  of  errors. 

Lead  Computing  Optical  Fight  (LCOS) 

The  LCOS  is  the  simplest  means  of  imnlementing  the  calculation  and  display  of  the 
lead  angle  required  for  correct  qun  aiming.  The  basic  components  of  an  LCOS  are  a  two- 
degree-of-f reedom  gyroscope  and  a  small  computer  (analog  or  digital).  The  underlying 
assumption  in  the  LCOS  equation  derivation  is  that  the  fighter  will  be  usinq  smooth,  con¬ 
stant  body  rates  (in  particular,  pitch  rate,  q^)  to  track  the  target.  Tracking  is  an 
attempt  by  the  fighter  pilot  to  reduce  the  relative  LOH  rate  of  the  target  to  zero.  In 
other  words,  the  w  of  the  target  is  exchanged  for  q  ,  As  the  fighter  turns,  the  gyro 
produces  torque  proportional  to  the  turning  rate  (gypo  precession  law) .  This  rate  can 
then  be  multiplied  by  TOF  in  the  computer  and  the  resulting  anqle  displayed  to  the  pilot. 

If  the  relative  LOR  rate  is  not  zero  and/or  the  body  rate  is  not  constant,  the  gun- 
sight  is  not  "settled".  The  pipper  does  not,  therefore,  indicate  the  predicted  impact 
point  of  the  bullet.  (In  reality,  the  impact  point  would  be  on  a  plane  normal  to  the 
line  of  sight  at  a  distance  equal  to  the  range  to  the  target.)  An  LCOS,  however,  has  the 
characteristic  of  always  moving  toward  the  settled,  or  perfect,  solution.  The  pipper 
position  and  velocity  are  such  that  the  bullet  will  arrive  at  target  range  at  the  same 
relative  point  as  the  pipper  projection  after  one  t ime-of-f 1 i ght .  Ir  other  words,  under 
smooth  (not  necessarily  tracking  or  constant)  flight  conditions,  the  pipper  shows  where  a 
bullet  fired  one  time-of-f light  earlier  would  be  relative  to  the  target,  at  target  range. 

Director  Sight 

The  director  sight  is  considerably  more  complex.  The  target  is  tracked  by  a  sensor 
device  on  the  fighter,  general lv  a  radar.  From  the  sensor  measurements,  relative  target 
motion  is  computed.  From  on-board  measurement  units,  the  fighter  motion  is  computed.  By 
vector  addition,  absolute  (inertial)  target  motion  is  calculated.  Mow,  through  ballistic 
calculations,  TOF  can  be  determined  and  the  predicted  position  of  the  bullet  at  target 
range  can  be  computed.  The  motion  of  the  fighter  and  target  can  be  predicted  by  inte¬ 
grating  current  target  motion  for  one  TOF.  The  future  relative  position  of  the  bullet  is 
displayed  as  the  pipper.  Thus  the  pipper  represents  the  point  at  target  range  through 
which  a  bullet  fired  now  will  pass  one  Tof  from  now  (relative  to  where  the  target  will  be 
at  the  same  time).  The  pilot  must  only  superimpose  the  pipper  on  the  target  and  fire. 

In  order  to  predict  the  target  position  in  one  TOF,  the  assumption  must  be  that  the 
target  st  te  vector  does  not  change  during  that  time.  If  the  computer  uses  a  linear  pre¬ 
dictor  (velocities  only),  this  assumption  can  result  in  errors  when  firing  at  longer 
ranges  and  under  dynamic  conditions.  Relative  velocities  can  change  rapidly  in  a  dog¬ 
fight  environment.  Preferably,  a  second  order  predictor  will  be  used.  Accuracy  should 
be  higher  because  it  is  more  unlikely  that  relative  accelerations  will  change  drastically 


during  one  TOF .  Even  this,  however,  is  becoming  more  likely.  Therefore,  the  future 
may  call  for  third  order  predictors.  The  problem  with  higher  order  predictions  is  the 
increased  computer  capability  (memory  and  speed)  required.  A  second  order  prediction 
takes  approximately  four  times  the  computer  capability  as  a  linear  prediction;  a  third 
order  may  take  as  much  as  nine  times  as  much  capability.  As  a  compromise,  second  order 
approximations  are  sometimes  used,  although  the  improvement  with  third  order  can  be 
signi f icant . 

Historic  Tracer  ("Hotline") 

The  historic  tracer,  or  "hotline",  gunsight  displays  a  simulation  of  the  stream  of 
bullets  to  the  pilot.  No  target  position  information  is  required  for  the  calculations. 
Every  point  on  the  "hotline"  represents  the  relative  position  of  a  bullet  fired  one  TOF 
ago.  The  historic  tracer  is  implemented  by  integrating  the  ballistic  equations  and 
fighter  motion  simultaneously.  The  pilot  maneuvers  the  fighter  such  that  the  "hotline" 
falls  across  the  target.  One  disadvantage  of  this  siqht  is  that  the  fighter  pilot  does 
not  know  which  portion  of  the  "hotline"  to  place  on  the  target.  Thus,  the  advantage  of 
no  target  information  required  carries  a  serious  disadvantage.  This  can  be  overcome,  to 
some  extent,  by  the  range-to-target  input  being  displayed  on  the  "hotline".  The  pilot 
still  must  estimate  relative  tarqet  motion  in  order  for  the  solution  to  come  together  at 
the  appropriate  time,  one  TOF  after  trigger  snueeze. 


TEST  TOOLS 

The  tools  of  the  trade  for  the  air-to-air  gunnery  test  and  evaluation  engineer  are 
many  and  varied.  The  primary  tools  are  aircraft  instrumentation,  target  instrumentation, 
event  recorders,  analysis  software,  and  flight  folder.  Ground  instrumentation  will  not 
be  discussed  here  because  it  is  not  often  used.  Generally  speaking,  ground-based  radar 
and  phototheodoli te  operators  do  not  like  aircraft  firing  guns  over  their  heads. 

Aircraft  Instrumentation 

Instrumentation  on  the  aircraft  generally  includes  measurement  and  recording  devices 
for  time,  airborne  radar  parameters,  aircraft  flight  parameters,  and  aircraft  state  vec¬ 
tor  parameters. 

Time  is  provided  by  a  time  code  generator,  synchronized  before  flight  with  IRIG 
standard  time.  This  time  is  recorded  simultaneously  with  all  instrumentation  parameters 
so  that  correlation  of  events  can  take  nlace.  Time  is  normally  recorded  in  Greenwich 
Mean  Time  and  contains  computer  words  for  Julian  date,  hours,  minutes,  seconds,  and 
milliseconds.  Accuracy  is  very  good  (+2  msec). 

Airborne  radar  parameters  are  nrovided  by  tapping  the  electrical  signals  in  the  fire 
control  computer  and  recording  them  on  tane.  Althouoh  many  parameters  are  available, 
target  range  and  radar  look  angles  are  considered  mandatory.  With  these  parameters,  the 
relative  target  position  can  be  determined.  FSv  di  f  "erentiatina  these  parameters,  rela¬ 
tive  target  velocity  (and  accelerati on,  if  necessary)  can  be  calculated.  The  accuracy 
of  radar  range  is  on  the  order  of  lhm  and  is  one  of  the  severest  limitations  on  gunnery 
analysis.  Angle  accuracies  are  in  the  range  of  25-50  mi  Hi  radians .  If  the  radar  is  the 
only  source  of  target  position,  analysis  of  the  results  is  difficult.  At  600m,  for 
example,  the  radar  position  may  have  an  uncertainty  of  15m;  the  gun  dispersion  will  have 
a  radius  of  only  2m.  Perfect  shooting  by  the  pilot  may  look  to  the  analyst  like  a  com¬ 
plete  miss. 

Aircraft  flight  parameters  are  considered  to  be  those  measured  with  the  pitot-static 
system  and  relative  air  flow  vanes.  Parameters  like  airspeed,  altitude,  Mach  number, 
outside  air  temperature,  angle  of  attack,  and  sideslip  angle  arc  the  primary  flight 
measurements.  Required  for  analysis  are  true  airspeed,  density  altitude,  and  angle  of 
attack.  Although  sideslip  is  not  always  available,  it  is  very  important;  its  effect  is 
a  three  mil  bullet  error  for  a  .(12  radian  sideslip  error.  The  accuracy  requirements 
for  airspeed  and  altitude  are  not  stringent.  Angle  of  attack  errors  can,  however,  be 
significant  and  the  measurement  should  be  accurate  to  within  .005  radians.  This  accuracy 
is  often  difficult  to  achieve,  but  should  be  used  as  a  goal. 

The  aircraft  state  vector  as  used  here  is  its  position,  velocity,  and  angular 
orientation  in  inertial  space.  These  parameters  are  generally  available  within  the 
inertial  navigation  system  (INF) .  The  heart  of  the  INS  is  a  gyro/accolerometer  unit 
which  measures  pitch,  roll,  heading,  and  three-axis  accelerations  (N-S,  F-W,  vertical). 
From  these  measurements,  the  INS  computes  oosition,  velocity,  and  angular  rates  in  iner¬ 
tia1  space.  These  parameters  can  also  be  tapped  and  recorded  in  flight.  The  required 
measurements  for  gunnery  analvsis  are  oitch,  roll,  true  headinq,  and  acceleration  in  the 
aircraft  vertical  axis.  In  the  case  of  director  siqht  analysis,  fighter  velocities  and 
accelerations  in  all  axes  must  be  known.  Generally  the  accuracies  available  from  a 
standard  INS  are  adequate  for  analysis,  if  the  INS  is  functionina  properly. 

An  on-board  recorder  is  generally  installed  in  the  test  aircraft  to  siqnal  con¬ 
dition  all  of  these  inputs  (plus  a  trigqer-on  sianal)  and  record  then  on  magnetic  tape 
for  postfli  'ht  processing. 
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Target  Instrumentation 

In  comparison  to  fire  control  technology,  target  instrumentation  lacks  sophistication. 
The  primary  purpose  of  a  target  is  to  provide  an  aiming  point  for  test  measurement  pur¬ 
poses  and  an  indication  of  the  success  of  a  firing  pass.  The  best  that  can  be  expected 
with  any  reliability  these  days  is  the  number  of  bullets  passinq  within  a  certain  dis¬ 
tance  of  the  target.  There  are  two  types  of  targets,  scorable  and  non-scorable .  Since 
gunnery  targets  are  currently  limited  to  the  towed  variety,  this  discussion  will  be 
similarly  limited. 

A  scorable  target  widely  used  at  this  time  is  the  Secapem  90/B  with  SFENA  MAE-15 
scorer.  The  Secapem  is  an  acoustical  target  system.  The  strength  of  the  shock  wave  of 
the  passing  bullet  can  be  translated  into  approximate  miss  distance.  More  discussion 
of  this  calculation  is  contained  in  the  Data  Reduction/Analysis  section  of  this  naper. 

Other  targets/scorers  may  be  forthcoming  in  the  future.  The  system  nearest  to  being 
operational  uses  doppler  radar  scorinq.  Miss  distance  can  be  estimated  by  counting  the 
number  of  doppler  standing  waves  penetrated  by  the  bul'et.  What  is  needed  is  a  scor¬ 
ing  system  (not  necessarily  on  a  tow  target)  which  wilj  provide  a  time  history  of  the 

state  vector  of  each  bullet  fired.  For  now,  the  scorable  targets  are  used  to  confirm  the 

validity  of  the  analysis  software  and  to  give  physical  results  to  those  who  distrust 
software . 

Among  the  non-scorable  targets  are  the  training  target:  :  darts,  FiGATs,  and  banners. 
There  are  those  who  say  these  can  be'  scored.  If  so,  the  scoring  is,  in  general,  extremely 
inaccurate.  These  targets  are  only  valid  for  hit/no-hit  operations  analyses,  not  for 
systems  error  analysis.  The  advantages  of  these  targets  are  large  size  or  relatively 
low  cost. 

Event  Recorders 

Test  event  recorders  include  !HT>  video  and/or  gun  cameras.  The  parameters  available 
from  this  data  source  range  from  relative  aim  error  and  trigger-on  signal  all  the  way  tc 

a  full  set  of  analysis  data  including  score.  Primarily  the  video  or  film  is  used  to 

record  pipper  position,  target  position,  and  trigger-on  time  (event).  The  various 
measurements  made  from  the  film  are  placed  on  computer  cards  for  use  during  analysis. 

The  trigger  signal  is  used  to  time-correlate  the  film  or  video  frames  with  corresponding 
data  samples  on  the  instrumentation  tape.  The  accuracy  of  this  correlation  may  not  be 
good  (sometimes  +50  msec)  and  is  another  severe  constraint  to  the  analyst,  especially 
during  non-tracking  shots. 

Using  film  or  video,  the  anqular  position  of  the  target,  (relative  to  the  fighter) 
can  be  determined  very  accurately,  on  the  order  of  l-2m.  This  method  reduces  the 
uncertainties  of  15m  available  from  radar. 

Currently,  film  provides  better  resolution,  and  greater  accuracy.  In  the  future,  as 
video  improves,  more  video  will  be  recorded  and  used  for  gunnery  analysis. 

Analysis  Software 

The  primary  software  tool  used  by  the  AFFTC  analysts  at  present  is  the  Air-to-Air 
Gunnery  Assessment  System  ( ATAGAS ) ,  This  system  reads  the  film  cards  and  instrumentation 
data  tape,  fires  theoretical  bullets  while  the  actual  trigger  is  on,  and  determines  the 
expected  number  of  rounds  which  will  impact  within  a  certain  target  size.  The  results 
are  produced  in  tabular  form  and  plots.  ATAGAS  has  not  been  completely  verified,  but 
has  been  used  with  a  fair  amount  of  success  on  several  aerial  gunnery  projects.  Once 
ATAGAS  is  shown  to  be  working  on  a  given  project,  the  results  can  be  used  to  provide 
inputs  to  various  statistical  routines  to  determine  errors:  biases,  dispersion,  and  CEP. 

A  further  discussion  of  software  is  contained  in  the  Data  Reduction/Analysis  section. 

Flight  Folder 

The  last  tool  to  be  mentioned  is  probably  the  most  vital:  the  f  1  i all t  folder.  The 
aerial  gunnery  flight  folder  is  the  single  place  for  all  information  gathered  during 
pre-flight  briefing,  test  conduct,  quick-look  data  reduction,  post-flight  data  reduction, 
and  final  data  analysis.  The  aerial  gunnery  flight  folder  should  contain,  at  a  minimum: 

Flight  card  (used  by  the  pilot  during  flight) 

Flight  test  engineer's  notes 
Test  pilot's  notes 
Target  scores/rounds  fired 
Fvent  numbers/times 
Miss  distance  output 
ATAGAS  input/output 

All  analysis  notes,  thoughts,  reflections,  and  results 

Although  the  flight  folder  may  seem  like  an  unnecessary  administrative  burden,  it  is  an 
invaluable  asset. 
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TEST  METHODS 

Now  that  the  tools  are  ready  to  use,  the  test  nay  proceed.  Like  many  tests,  air-to- 
air  gunnery  testing  is  conducted  by  start inq  with  the  simplest  task  and  working  toward  the 
most  complex.  Basically#  a  properly  conducted  aerial  gunnery  test  will  contain  ground 
tests,  niqht/ dusk  tracer  firings,  air-qround  validation,  dry-fire  flights,  live  firing 
flights,  and  qunnery  envelope  expansion  flights. 

(Ground  Test 

Ground  testing  starts  with  an  accurate  wet  boresight  of  the  gun  installed  in  the 
test  airplane.  The  procedure  for  wet  boresight  is  generally  contained  in  aircraft  manuals 
and  technical  orders  or  local  operating  instructions.  Before  boresight  adjustments  are 
made,  the  gun  should  be  fired  for  200-300  rounds  to  assure  proper  functioning  and  mount 
setting.  Allow  for  at  least  three  days  to  conduct  this  operation.  It  should  not  be 
hurried.  Assure  that  the  aircraft  jacks  are  tightened  down  and  do  not  slip.  The  alien- 
ment  of  the  aircraft  with  the  target  is  an  iterative  nrocas s.  Once  the  alignment  is 
close  to  that  required,  it  is  easier  to  move  the  aircraft  than  the  target  stand.  Roll 
angle  should  be  as  close  to  zero  as  possible.  Small  deviations  in  lateral  or  vertical 
alignment,  however,  can  be  accounted  for.  Every  attemnt  should  be  made  to  align  the  gun 
to  within  1/2  mil  of  the  correct  point. 

During  the  conduct  of  the  final  phases  of  ground  testing,  actual  film  and  instrumen¬ 
tation  data  should  be  run  to  assure  that  the  processing  will  be  smooth  and  that  all  data 
will  be  available  for  reduction.  In  addition,  the  data  can  be  checked  against  the  anal¬ 
ysis  software  for  impact  verification.  Bullet  dispersion  can  be  measured  during  wet 
boresight . 

If  the  aircraft  instrumentation  is  such  that  measured  inputs  can  be  simulated,  an 
end-to-end  calibration  should  be  attempted  in  order  to  determine  the  biases  and  statis¬ 
tical  precision  of  the  measurements.  With  this  information,  sensitivity  studies  of  the 
analysis  software  can  be  made.  Other  tests  should  be  conducted  to  measure  delay  times  in 
trigger-on  siqnals,  event  lights,  gunfire  voltage,  etc. 

A  windscreen  parallax  test  should  bo  conducted  on  all  new  systems.  optics,  engineers 
can  work  with  the  armament  engineers  to  quantify  the  error  between  target  and  pipper 
position  as  viewed  by  the  pilot  versus  the  position  as  recorded  by  the  urn  film  or  video. 
If  the  canopy  or  windscreen  is  curved,  corrections  for  canopy  distortion  can  also  be 
measured  by  noting  differences  in  pipper  position  with  and  without  canopy  windscreen  in 
place . 


Night  Tracer  Kiri no 

'fiie  next  test  is  used  to  confirm  the  aircraft  parallax  constants  and  other  software 
innuts.  The  test  is  to  fire  tracer  bullets  with  hich  contrast  linhtir  ,  cond.it ions  (dusk 
or  later),  to  see  if  the  analysis  software  and/or  the  aunsioht  accurately  predict  the 
bullet  path  under  acr.ual  *li«iht  conditions.  r,,h  ^  ana  1  j  •*.  sef  tear-'  '-'ill  provide  a  'oil  let 
stream  which  should  match  the  actual  bullets  as  recorded  on  mm  camera  film.  mhe  tracer 
fall  lino  shotilo  also  coincide  with  a  hotline  aunsiaht,  if  incorporated;  and/or  pass 
through  an  LCog  pinper,  if  incornorated .  "diis  t  eg*  done  not-  account  for  range  errors, 
but  should  indicate  i*  there  are  narallax  errors  or  data  errors,  or  if  the  analysis  soft¬ 
ware  or  aircraft  uni  our*  constants  are  in  error.  mho  maneuvers  nor  formed  during  this 
tost  should  include  wind -no  turns,  barrel  rolls,  roll  reversals,  rudder  doublets,  and 
pitch  d o u 1  lots.  Both  the  nuns i ah t  and  the  analysis  software  should  predict  the  bullet 
paths,  to  within  2-1  nils. 


Ai  r-to-f -round  hiring 

The  third  tost  is  for  analysis  soft'-’aro  checkout.  .  Strafe  rum  r.v,  be  anal '/zed  for 
mean  irpact  point  comparisons  with  the  reference  software.  ‘‘anges  ,w  open  fire  have  to 
bo  slightly  longer  than  normal  to  allow  for  sufficient  cun  camera  film  over-run.  The 
analysis  software  should  be  able  to  statistically  nr-Virt  trie  r<  l  *•  s  of  each  strafe  run. 
Strafe  with  a  fixed,  manually  depressed  pipper  is  acceptable. 

Drv-Fire  I  lights 

After  all  preliminary  tests  are  acconol i shed ,  a  few  drv  fire  test  flights  should  be 
conducted  under  relative!''  controlled  conditions.  The  tests  should  oe  conducted  with 
photnthoodo 1 i to  coverage  of  both  the  target  and  the  shooter.  both  aircraft  should  be 
instrumented,  if  possible.  Sample  passes  from  each  of  the  planned  flight  test  points 
should  be  acconpl  i  shed .  Simulated  firing  should  t.a’-e  ic\  A  simulated  trigger  (or 
other  event  indicator)  should  be  recorded  on  instrumentation  are,  film,  and  trans¬ 
mitter}  to  a  ground  station  for  time  correlation.  All  data  .should  be  reduced  as  it  would 
be  for  a  live  firing.  In  addition,  trie  phot  ot  hoodol  i  e  data  should  be  reduced  to  enable 
fighter  radar  input  and  fire  control  mounter  aeourncy  to  be  determined.  Radar  range  is 
a  critical  parameter.  Any  biases  determiner}  in  this  test  should  be  corrected  in  the 
fignter.  If  that  is  not  possible,  the  rorro^t ion^  must  be  made  to  t ho  analysis  soft- 
\*r'  :»n  that  it  nav  aecnra^ejv  piedc  1  tl,e  ririnu  ass. 
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Live  Firing 

When  all  preliminary  tests  have  been  completed,  live  firing  can  be  accomplished. 
Everything  has  to  work  properly  for  a  successful  mission:  the  target  has  to  work,  the 
gun  has  to  fire,  the  film  and  data  must  run,  the  film  and  data  must  be  readable,  and 
the  pilot  must  know  what  to  do.  Each  test  point  should  have  been  practiced  on  previous 
missions.  Each  item  of  test  equipment  should  have  been  double  checked. 

The  test  should  be  conducted  in  an  approved  aerial  gunnery  complex.  The  aircraft 
towing  the  target  will  clear  the  range,  deploy  the  tarqet,  and  set  up  the  appropriate 
flight  pattern  for  the  firings.  The  most  common  patterns  are  Racetrack  (Figure  9-2), 
Figure-Eight  (Figure  9-3),  Butterfly  (Figure  9-4),  and  Combat  Dart  (Figure  9-5).  Sometimes 
special  patterns  are  designed  to  fly  a  certain  difficult  test  condition  with  a  high  degree 
of  repeatability. 

Planning  for  a  live  firinq  test  must  include  considerations  of  bullet  impact  area, 
sun  anqle  (not  in  the  pilot's  eyes  or  reflecting  off  the  HMD),  time  available  for  track¬ 
ing,  pilot  experience,  and  many  other  things.  Generally,  a  test  program  is  planned  to 
begin  with  easy  test  points:  medium  to  short  range,  low  angle-off  (or  aspect  angle),  low 
closure  rates,  and  1  1/2  -  2  g's.  Fven  if  the  pilot  never  gets  the  pipper  near  the  tar¬ 
get,  the  data  can  still  be  used.  Or,  if  the  pilot  destroys  the  target,  the  data  should 
provide  system  validation.  And  the  rest  of  the  flight  can  be  used  for  practice.  Depend¬ 
ing  on  the  test  objectives,  several  flights  wit!)  differing  conditions  will  be  needed. 

Low  angle-off  firings  are  relatively  simple  to  set  up;  high  angle-off  shots  will  take  some 
practice.  Under  relatively  benign  conditions,  tracking  is  usually  possible  and  the  pilot 
can  open  fire  whenever  he  is  satisfied  with  the  pipper  placement.  Under  more  dynamic 
conditions,  everything  is  hanpeninq  faster.  The  pilot  must  estimate  tarqet  relative 
motion  and  anticipate  an  open-fire  situation.  The  most  common  error  made  in  high  angle- 
off  shots  is  firinq  too  late.  For  example,  a  1200m  open  fire  range  on  a  300m/sec  target 
requires  a  total  lead  angle  of  over  2fl0  mils  at  90  degrees  angle  off.  In  most  aircraft, 
the  pilot  cannot  even  see  the  target  under  these  conditions.  The  primary  purposes  of 
the  live  fire  phase  of  testing  are  to  validate  the  analysis  software  by  obtaining  results 
similar  to  the  tarqet  score  and  to  give  those  who  distrust  software  a  warm  feeling.  All 
data  should  be  reduced.  Passes  where  known  data  problems  exist  may  be  discarded  during 
analysis . 


Again  some  cautions  for  the  engineer:  in  the  early  phases  of  testing,  brief  the  pilot 
to  put  the  pipper  on  the  tarqet  until  you  and  he/she  are  convinced  that  the  gunsight  is  in 
error.  Then  small  incremental  pipper  offsets  should  be  made  until  hits  are  scored.  This 
will  allow  a  logical  analysis  of  systems  errors  without  providing  false  preliminary  infor¬ 
mation.  This  analysis  should  be  orderly.  The  gunsight  software  should  not  be  changed 
until  the  analysis  is  complete. 

Envelope  Expansion 

After  the  analysis  software  has  been  verified,  many  dry  firing  passes  may  be  made  to 
generate  measures  of  svstem  capability:  hit  probability  envelopes  may  be  constructed; 
system  error  versus  flight  condition  plotted;  probable  error  determined  for  non- 
cooperative,  f  irthter-si  zed  tercets;  and  qualitative  system  evaluation  performed  without 
the  hazards  of  live  firing.  All  these  results  can  be  provided  using  the  analysis  software. 

DATA  REDL'CTION/A.'JALYS  IS 


Analysis  of  aerial  nunnery  data  requires  an  urderstandinq  of  the  gunsight,  the  target, 
the  gun  and  ammunition,  the  fiqhtor  dynamics,  the  instrumentation,  the  tactics  and 
scenario,  the  pilot,  the  gun  camera,  and  t.  1  ■*  ftware. 

Event  Data 


Film  reading  or  video  reading  is  the  measurement  techni-ue  usually  employed  when 
determining  target/pipper  angular  relationships.  Some  fixed  reference  point  (usually 
a  gun  cross)  is  chosen  as  the  zero  in  both  azimuth  and  elevation.  This  point  must  not 
move  in  the  aircraft  reference  frame  and  must  tie  visible  in  every  frame.  Also  chosen  is 
some  fixed  size  object  of  known  milliradian  dimension,  such  as  the  reticle.  The  measure¬ 
ment  process  is  ready  to  begin.  The  first  step  is  to  determine  the  size  of  the  fixed 
object  in  reader  units,  or  counts.  For  example,  the  number  o‘  counts  from  the  left  side 
of  the  reticle  to  the  right  side  may  be  measured  as  1430  counts.  We  may  know  that  the 
reticle  is  50  mils  across.  Therefore,  the  scale  factor  is  1410  i  50  =  28.6  counts  per 
i  mil.  Tiiis  is  assumed  true  throughout  the  film  frame  and  for  the  entire  flight. 


Wtien  the  location  of  the  item  of  interest  is  to  .  ' 
are  placed  on  the  zero  reference  point,  and  the  counter 
are  then  nr, veil  tr,  the  item  of  interest  (pipper,  tarqet, 
noted  (usually  punched  on  cnzmiTr  cards).  If  the  zero 
cross  and  tue  readings  to  the  nipper  were  azimuth  +1000 
version  factor  could  i-e  applied  and  the  actual  location 
gun  cross  could  be  computed  as  35  mils  right,  105  down. 


measured,  the  reader  crosshairs 
s  set  to  zero.  The  crosshairs 
lag  line,  etc)  and  the  new  counts 
reference  point  were  tire  gun 
and  elevation  -3000,  the  con- 
of  the  pipper  relative*  to  the 
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The  measurements  themselves  are  normally  made  by  technicians ,  not  the  armament  engine¬ 
er.  The  film  given  to  them  must,  therefore,  be  accompanied  by  a  complete  description  of 
what  frames  are  to  be  read,  what  is  to  be  measured,  and  what  format  is  required  for  the 
output  information.  All  these  things  are  preplanned  by  the  analyst  when  he/she  previews 
the  gun  camera  film. 

Target  Scoring  Data 

One  target  system  currently  available  which  provides  bullet  miss  distance  is  the 
Secapem.  A  discussion  of  the  scoring  mechanism  and  the  miss  distance  method  is  contained 
in  AFFTC-TR-78-26 ,  Secapem  90/B  and  SFENA  MAF-1 5  Target  System  Evaluation  (Reference  9-3). 
The  method  described  in  the  referenced  report  is  summarized  in  Appendix  9-A.  A  computer 
program  cm  easily  be  written  to  reduce  Secapem  data.  The  input  file  should  contain 
target  speed,  altitude,  and  the  measurement  of  shock  wave  strength  transmitted  from  the 
target.  The  measured  strength  of  each  shock  wave  can  be  converted  into  miss  distance, 
using  the  method  contained  in  the  Secapem  report  and  printed  out.  Some  statistics  can  also 
be  computed  and  printed  for  each  pass. 

Analysis  Software 

The  heart  of  aerial  gunnery  analysis  is  a  software  system  currently  known  as  ATAGAS. 
Basically  ATAGAS  takes  the  fighter  conditions  at  trigger  on  and  fires  a  theoretical 
bullet.  After  one  time  of  flight,  it  compares  the  computed  position  of  the  bullet  with 
the  present  position  of  the  target.  Various  tabulations,  plots,  and  statistics  are 
available  as  output.  ATAGAS  is  described  in  its  own  documentation  (Reference  9-4) . 

The  inputs  consist  of  film/video  from  a  reader  and  an  instrumentation  tape  of  onboard 
data.  The  tabulated  outputs  available  include  all  the  inputs;  theoretical  bullet 
positions;  single-shot  probabilities  of  hit;  angle-off;  and  various  tarqet-pipper ,  target- 
bullet,  and  pipper-bullet  relationships.  The  output  format  is  extremely  flexible  and 
can  be  easily  changed  to  suit  the  analyst.  The  computer  plots  consist  of  any  combination 
of  the  variables  above  plotted  against  time,  or  cross-plotted  against  each  other.  These 
are  also  readily  changed  by  the  analyst. 

The  most  useful  outputs  are  the  flight  conditions  of  the  fighter,  relative  target 
conditions,  aiming  errors,  and  bullet  positions.  Only  aiming  error  and  theoretical 
bullet  position  make  helpful  plots.  If  there  are  serious  gunsight  or  data  problems,  all 
varieties  of  printed  and  plotted  outputs  are  available  to  aid  in  the  discovery  of  anoma¬ 
lies.  Generally,  the  assistance  of  a  computer  programmer  familiar  with  ATAGAS  will  be 
needed  to  obtain  other  data  items. 

A  final  piece  of  output  data,  which  is  very  useful,  is  the  expected  result,  or  PH. 

This  is  generally  composed  of  the  number  of  expected  rounds  fired  and  the  number  of 
expected  hits  within  a  certain  size  target.  Although  the  discussion  here  was  based  on 
the  use  of  ATAGAS,  any  general  purpose  ballistic  simulation  would  suffice  so  long  as  the 
input  formats  were  compatible  with  the  instrumentation  and  the  output  format  were  usable 
by  the  analyst  doing  the  evaluation. 

Gunsight  Simulation 

A  very  useful  tool  in  gunsight  error  analysis  is  a  simulation  of  the  actual  sight 
algorithm  and/or  of  a  "perfect”  sight  of  the  same  type.  This  is  especially  beneficial 
in  LCOS  analysis.  The  gunsight  algorithms  are  coded  into  FORTRAN  and  run  with  the 
instrumentation  data  as  input.  These  algorithms  are  run  concurrently  with  ATAGAS.  The 
output  is  sight  display  commands  (azimuth,  elevation,  TOF,  etc).  The  theoretical  aim- 
point  (the  simulation)  can  be  compared  with  the  actual  pipper  position  as  recorded  on 
film  for  display  errors  or  sight  inadequacies  (too  many  assumptions,  approximations, 
etc)  . 


Error  Analysis 

In  air-ground  accuracy  analysis,  many  measures  of  merit  are  available.  Onboard 
measurements  can  be  compared  to  ground  based  data.  The  position  of  the  target  is  sur¬ 
veyed.  The  actual  impact  of  the  weapon  is  surveyed.  Aerial  gunnery  accuracy  analysis  is 
somewhat  more  subjective  and  less  well-defined.  In  fact,  sometimes  it  is  only  an  educated 
guess . 


There  are  primarily  three  errors;  total,  aiming,  and  system.  Total  error  is  defined 
as  how  far  the  bullet  missed  the  target.  This  is  the  bottom  line,  the  actual  measure  of 
success.  It  is  mathematically  defined  as: 


$E  -  BP  -  TP  (9-5) 

where  the  arrow  refers  to  the  vector  quantity  and  Tr  is  total  error,  BP  is  the  bullet 
position,  and  TP  is  the  target  position  (see  Figure  9-6) .  All  variables  must  be  in  the  same 
reference  system  (generally  HUD  coordinates)  and  must  be  specified  at  the  same  time: 
bullet  arrival  time.  Total  error  is  not  necessarily  the  largest  error.  The  bullet 
position  out  of  ATAGAS  is  assumed  to  be  mathematically  correct.  Before  this  assumption 
can  be  made,  however,  the  ATAGAS  deck  set-up  for  the  specific  test  vehicle  must  be  veri¬ 
fied  by  flight  test  points.  This  verification  is  discussed  in  a  later  paragraph. 
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Aiming  error  is  simply  defined  as  how  far  the  pipper  was  from  the  desired  aimpoint. 

The  error  may  be  due  to  intentional  offset  to  achieve  better  results;  it  may  result  from 
a  lack  of  pilot  skill;  or  it  may  exist  because  the  pipper  is  too  difficult  to  track  with, 
perhaps  due  to  mechanization.  Aiming  error  is  mathematically  defined  aB: 

AE  «  PP  -  TP  (9-6) 

where  AE  is  aiming  error,  PP  is  pipper  position,  and  TP  is  target  position  (see  Figure  9-6). 

Again,  all  variables  must  be  in  the  same  reference  system  and  specified  at  the  same  time: 

bullet  firing  time.  This  error  can  be  determined  directly  from  the  film. 

System  error  is  defined  as  how  far  the  bullet  missed  the  point  that  the  nipper  indi¬ 

cated  that  it  would  hit.  This  error  is  a  combination  of  errors  in  the  on-board  sensors, 
errors  in  the  algorithms  and/or  calculations,  and  display /presentation  errors.  System 
error  is  mathematically  defined  as: 

SE  =»  BP  -  PP  =  TF  -  AT  (9-7) 

where  SE  is  system  error  and  the  other  symbols  are  as  before  (see  Figure  9-6).  The  vari¬ 
ables  in  this  instance  may  be  in  different  coordinate  systems  and  certainly  are  at  diff¬ 
erent  time.  Thus  the  bullet  position  generally  must  be  converted  back  into  the  firing 
reference  frame  to  compare  it  with  the  pipper  at  bullet  firing. 

If  it  is  possible  to  measure  any  of  the  subsystem  errors,  they  can  be  vectorially 
removed  from  the  system  error.  For  example,  if  a  fliqht  computer  printout  shows 
commanded  pipper  position,  the  difference  between  this  position  and  the  pipper  position 
read  from  the  film  would  be  display  error.  Any  difference  between  commanded  pipper 
position  and  the  position  calculated  by  the  equivalent  ground  simulation  would  be  a 
mechanization  error.  Differences  between  ground  simulations  and  "perfect"  gunsight 
algorithms  should  be  considered  as  sight  implementation  errors :  the  errors  due  to  approxi¬ 
mations  and  assumptions. 

As  many  of  the  above  errors  as  are  measurable  should  be  determined  for  every  valid 
gunnery  pass.  In  fact,  these  data  points  may  be  taken  for  each  data  sample  during  a 
pass  (usually  20  per  second) .  The  only  restriction  is  that  the  measurements  be  taken 
when  the  pilot  have  the  intent  to  fire  (trigger  on  indication) .  During  a  50  round  -  20mm 
burst,  for  example,  there  will  be  approximately  twelve  sets  of  error  measures. 

Statistical  Analysis 

Individual  error  data  points  do  not  have  as  much  meaning  as  do  several  points  prop¬ 
erly  combined.  Likewise,  individual  error  measures  cannot  be  meaningful  unless  all  are 
present.  One  exception  is  total  error.  If  a  system  error  is  such  that  a  pilot  can  com¬ 
pensate  empirically  by  offsetting  his  aim,  the  sight  may  still  be  usable. 

Ordinarily,  several  data  points  are  lumped  together  in  major  categories  and  statis¬ 
tical  analysis  is  performed.  The  categories  of  firing  range,  range  rate,  target  g,  and 
aspect  angle  are  the  most  meaningful.  A  representative  group  of  firing  parameters  may 
be  picked.  For  example: 

Range  «  600m  (+60m) 

Range  Rate  ■>  75m/sec  (+15m/3ec) 

Target  g  «  30m/sec/sec  (tSm/sec/sec) 

Aspect  Angle  ■  25  deg  (+5  deg) 

Assume  there  are  eight  valid  passes  within  these  parameters,  each  having  twelve  data 
points.  There  would  be  a  set  of  data  like  this: 

TE  AE  SE 

Pass/Bullet  az/el  az/el  az/el 

01/01  +2.4/-5.0  -1.8/-3.2  +4.2/-1.8 

01/02  +2.0/-4.8  -1.4/-2.7  +3.4/-2.1 


08/12  -7.2/+1.8  -11.8/+4.6  +4.6/-2.8 

The  mean  error  and  standard  deviation  for  both  azimuth  and  elevation  could  be  calculated 
for  each  error  type.  Means  and  standard  deviations  for  total  error  give  a  measure  of  the 
overall  effectiveness  in  putting  bullets  on  target.  Aiming  error  statistics  indicate 
ease  of  tracking.  System  error  indicates  accuracy  of  the  sight  itself.  Circular  error 
probable  (CEP)  can  be  calculated  from  the  standard  deviation.  Total  CEP  and  system  CEP 
can  be  meaningful  numbers  to  operations  analysts  and  contract  monitors.  Since  the  com¬ 
bined  sample  is  large  (96) ,  the  confidence  in  the  results  is  reasonably  high. 
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During  an  earlier  section,  there  was  discussion  of  sensitivity  analysis.  After  a 
result  is  determined,  a  certain  confidence  must  accompany  that  result.  One  way  to  indi¬ 
cate  that  confidence  is  with  a  one  sigma  uncertainty.  For  example,  assume  that  the 
system  bias  was  calculated  to  be  +7  mils  in  elevation  and  the  root-sum-square  of  the 
i  effects  of  instrumentation  errors  was  2.5  mils.  There  is  therefore,  a  good  chance  that 

the  true  value  of  bias  could  be  as  low  as  +5  mils  or  as  high  as  + 9  mils.  Similarily, 
if  the  total  CEP  were  15  mils,  the  true  value  may  lie  somewhere  between  13  and  17  mils. 

Also  mentioned  earlier  was  verification  of  ATAGAS .  One  good  way  to  do  this  is  by 
comparison  with  physical  evidence.  The  night  tracer  firing  is  an  excellent  source  of 
'  physical  evidence.  Another  form  of  physical  evidence  i3  the  Secapem  target.  A  general 

procedure  which  was  successfully  used  for  determining  correlation  between  ATAGAS  and 
Secapem  is  as  follows: 

1  1.  For  each  valid  pass  (all  data  good) ,  compute  the  Secapem  percentage  hits  by 

dividing  the  number  of  bullets  within  5m  by  the  actual  number  of  rounds  fired. 

2.  For  the  same  passes,  compute  the  ATAGAS  probability  of  hitting  a  target  with 

a  5m  radius  by  dividing  the  expected  number  of  hits  by  the  expected  rounds 
fired. 

3.  Each  pass  is  now  a  data  sets  one  ATAGAS  percentage  and  one  Secapem  percentage. 

Plot  each  data  set  on  a  graph  to  see  if  the  data  are  good.  Perfect  data 

would  lie  along  a  45°  line  (see  Figure  9-7) .  Calculate  the  correlation 
coefficient.  If  x  -  Secapem  score  and  y  -  ATAGAS  score,  then  a  least-squares 
fit  of  the  data  sets,  minimizing  y,  could  be  determined  from  the  equations: 

y  -  y  ■  M  (x  -  x)  (9-8) 


b 


r<x-x>2 


(9-9) 


where  y  is  the  estimated  value  and  the  bar  over  a  variable  represents  the  mean  for  the 
set.  The  correlation  coefficient,  r,  is  then: 


r 


. 

{z  (x-x) z£ (y-y) 2l* 


(9-10) 


The  nearer  to  unity  this  value  is,  the  better  the  correlation.  A  statistical  table  of 
"test  for  significance"  can  be  consulted.  It  can  be  entered  with  r  and  the  number  of 
samples  to  determine  the  likelihood  of  accidental  agreement.  If  the  agreement  is  good, 
(hypothesis  is  valid)  then  ATAGAS  can  be  used  for  all  the  error  determinations  indicated 
above.  If  there  is  inadequate  agreement,  ATAGAS  constants,  data  inputs,  and  time  cor¬ 
relation  errors  should  be  checked  and  corrected  if  possible.  If  no  agreement  can  be 
found,  old-fashioned  qualitative  methods  will  have  to  be  used.  Another  possible  method 
of  data  correlation  is  by  comparing  the  hits  scored  by  the  target  system  to  the  prob¬ 
ability  distribution  of  expected  hits  from  the  analysis  software. 


SAMPLE  RESULTS 

Dusk  Tracer 

The  verification  of  tracer  fall  line  by  comparison  to  ATAGAS  output  is  a  very  simple, 
but  necessary  process.  Many  facts  can  be  discovered.  The  dusk  tracer  mission  (usually 
only  one  is  required)  can  verify  the  instrumentation  and  data  reduction  compatibility, 
along  with  the  correctness  of  the  film  reading  procedure.  This  mission  has  the  additional 
benefit  of  assuring  that  all  the  test  vehicle  hardware  is  functioning  properly.  The  data 
are  usually  plotted  in  HUD  coordinates  for  one  instant  in  time:  "hotline"  (if  available) 
or  LCOS,  actual  tracer  rounds,  and  ATAGAS  theoretical  bullets  (see  Figure  9-8).  Comparison 
can  be  made  between  the  actual  bullets  and  the  ATAGAS  bullets  to  assure  that  the  instru¬ 
mentation  and  physical  aircraft  constants  are  correct.  The  actual  bullets  should  be 
within  2-3  mils  of  the  theoretical  bullets.  The  position  of  the  actual  bullets  can  be 
compared  to  the  "hotline"  in  the  HUD.  During  a  recent  flight  test  program,  a  bad  yaw 
rate  gyro  was  discovered  with  this  phase  of  testing.  A  similar  test  is  possible  with  an 
LCOS.  Under  stable  flight  conditions,  the  actual  bullets  should  appear  to  pass  through 
the  LCOS  pipper  at  some  preset  manual  range  or  the  default  value  for  target  range  (with 
no  radar  lock-on).  Unless  there  were  system  errors,  the  above  testing  generally  resulted 
in  agreement  between  ATAGAS  and  actual  tracer  rounds  with  a  1.8  milliradian  standard 
deviation.  The  figure  is  nearly  identical  to  the  standard  deviation  for  20mm  gun 
dispersion. 


M 

ii 
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ATAGAS  Accuracy 

The  accuracies  and  uncertainties  in  the  ATAGAS  solution  (theoretical  bullet  position) 
were  studied  separately.  For  normal  f)iqht  test  firing  conditions,  ATAGAS  output  errors 
have  a  combined  standard  deviation  of  )ess  than  three  mils  (Reference  9-1,  9-2).  The  errors 
in  ATAGAS  output  are  primarily  due  to  instrumentation  and  timing  correlation  inaccuracies. 
Results  from  these  reports  have  been  extracted  and  are  contained  in  Appendices  9-B  and  9-C. 

Live  Fire 

After  a  live  fire  mission,  results  include  quick-look  (target  scores  and  qualita¬ 
tive  film  assessment)  and  post-flight  (miss  distance,  film  reading,  and  ATAGAS).  The 
quick-look  data  can  be  used  to  provide  a  gross  analysis  of  gunsight  effectiveness.  For 
example,  on  a  recent  flight  test  mission,  the  first  firing  pass  was  made  with  the  pipper 
on  the  target  -  virtually  perfect  aiming  -  and  yet  the  tarqet  registered  no  score.  On 
the  next  firing  pass,  the  pilot  placed  the  pipper  approximately  five  meters  behind  the 
target.  The  result  was  the  scoring  of  21  hits  (out  of  23  rounds  fired) .  Since  the 
firing  range  was  670m,  it  appeared  from  quick-look  data  that  there  was  an  +8  mil  bias  in 
the  gunsight.  Post-flight  analysis  using  ATAGAS  showed  that  the  bias  was  +6  nils.  The 
advantage  was  that  the  quick-look  data  were  available  within  24  hours,  whereas  the  more 
accurate  (and  more  complete)  data  were  not  available  for  five  days.  Post-flight  data 
reduction,  although  it  does  take  longer,  can  provide  the  data  analyst  with  significantly 
more  information.  The  results  can  be  plotted  against  time  on  one  graph  to  see  trends 
and  to  assure  agreement  (Figure  9-9).  In  this  figure,  one  can  see  how  all  data  sources 
provide  similar  results  when  functioning  properly.  Supporting  data  for  this  figure  are 
contained  in  Table  9-1. 

Finally,  the  target  data  and  ATAGAS  data  have  to  be  compared  to  assure  that  there 
is,  in  fact,  agreement  between  the  two  independent  measurement  sources.  During  the 
early  phases  of  testing  with  the  methods  described  in  this  paper,  32  valid  gunnery 
passes  were  compared.  What  is  meant  here  by  a  valid  gunnery  pass  is  one  where  all 
instrumentation  was  performing  properly  so  that  the  data  could  be  processed.  The  results 
are  shown  in  Figure  9-7.  Supporting  data  are  contained  in  Table  9-2.  The  results  showed 
a  correlation  coefficient  of  0.75  with  a  significance  of  greater  than  99%.  Based  on 
this  early  result  and  the  agreement  between  qualitative  and  analytical  work  on  gunsight 
accuracies,  the  methodology  was  pursued. 


CONCLUSION 

with  the  methods  presented  here,  three  air-to-air  gunnery  test  programs  wsre  com¬ 
pleted,  evaluated,  and  documented.  The  techniques  are  continuing  in  use  on  two  addi¬ 
tional  programs  with  two  more  ready  to  begin  in  the  immediate  future.  The  methods  are 
flexible.  As  new  target  systems  become  available,  they  can  readily  be  used.  As  more 
sophisticated  software  becomes  available,  it  can  take  the  place  of  ATAGAS.  As  a  new 
gunsight  becomes  available,  one  can  determine  how  much  better  it  really  is  (if  it  is) . 
Additionally,  using  these  methods,  all  these  improvements  can  be  proof-tested  while 
they  are  in  use,  since  the  test  methods  cross-check  themselves. 

Uualitative  assessment  of  aerial  gunnery  may  still  have  its  place  as  fighter  pilots 
brag  to  each  other  about  their  prowess.  However,  quantitative  results,  such  as  can  be 
obtained  through  these  techniques,  are  mandatory  for  test  and  evaluation. 


REFERENCES 


9-1.  Johnson,  Gary  G.,  Accuracy  Study  for  the  Air-to-Air  Gunnery  Assessment  System 
(ATAGAS)  Ballistics  ModeTT  aff'tc-t;M-79-1  ,  Air  f'orce  fJliqht  Test  ("enter,  Edwards  AFB, 
California,  July  1?79. 

9-2.  Wiles,  John  A.,  Major,  V.S.  Air  Force  Reserve,  Air-to-Air  Gunnery  Scoring  Parameters 
Evaluation,  AFFTC-TIM-79-2 ,  Air  Force  Flight  Test  Center,  F.dv>ards  AFB,  California. 

August  '1979. 

9-3.  Killebrew,  Kerry  E . ,  Captain,  U.S.  Air  Force,  and  John  A.  wiles,  Secapem  90/B  and 
SFENA  MAE-15  Target  System  Evaluation,  AFFTC-TR-78-26 ,  Air  Force  Flight  Test  Center, 
Edwards  AFB,  California,  January  1579 . 

9-4.  Staggs,  Darcy  and  Jud  Watts,  ATAGAS;  A  Flight  Test  Data  Reduction  System  for 
Air-to-Air  Gunnery  Assessment,  AFATL-TR-79-34 ,  Armament  Systems  Inc.,  Eqlln  Ari,  Florida, 
April  1979. - - 


9-11 


APPENDIX  9-A 

EXTRACT  FROM  REFERENCE  9-3 


Miss  Distance  Determination 

The  data  reduction  method  (for  determining  bullet  miss  distancel  was  derived  using 
technical  information  supplied  by  the  manufacturer  from  French  flight  test  (see 
Figure  9-A1) .  A  nominal  set  of  flight  conditions  was  chosen  to  represent  a  baseline  for 
miss  distance  calculations.  The  conditions  were  350  KIAS  and  20,000  feet  target  airspeed 
and  mean  sea  level  altitude,  respectively.  The  miss  distance  vs.  pulse  duration  curve  was 
approximated  with  an  exponential: 

Miss  Distance  =  6.465  x  e  <-*307  x  Pulse  Duration)  (9_Al) 


Empirical  adjustments  were  made  for  altitude  and  airspeed  variations  from  the 
nominal.  The  resulting  data  reduction  equation  was: 


Miss  «  6.465  \e 


(-. 307PD) 


j~(0. 


5  -  0.1PD) (350 

- 35B - 


•V)  j 


25PD) (20000  -  ALT) 

'  "1M0B - 


,i» 


(9-A2) 


where 


Miss  -  miss  distance  in  meters 

PD  ”  pulse  duration  in  milliseconds 

V  «  velocity  in  KIAS 

ALT  -  pressure  altitude  in  feet  MSL 


APPENDIX  9-B 

EXTRACT  FROM  REFFRENCE  9-1 


Accuracy  Assessment 

Most  effective  fighter  aerial  combat  bullet  times  of  flight  occur  between  0.5  and 
1.5  seconds.  However,  in  the  case  of  rear  hemisphere  firing  (e.g.,  bomber  defense),  a 
2  second  time  of  flight  is  reasonable.  In  this  light,  the  horizontal  and  vertical 
angular  differences  between  ATAGAS  and  Eglin  6 DOF  (six  degree-of-freedom  model  derived 
by  the  Air  Force  Armament  Laboratory  at  Eglin  AFB ,  Florida)  trajectories  were  computed 
for  0.5,  1.0,  1.5,  and  2.0  seconds  time  of  bullet  flight.  The  following  accuracy  state¬ 
ments  of  the  ATAGAS  ballistic  model  (TRACER)  can  be  made  for  the  conditions  evaluated: 

a.  0.5  and  1.0  seconds  time  of  flight  accuracy  assessments: 

(1)  ATAGAS  was  within  .15  mil  of  Eglin  6DOF  model  in  the  horizontal  plane  at 
0.5  seconds  time  of  flight  (no  angle  of  attack  or  sideslip). 

(2)  ATAGAS  was  within  .25  mils  of  Eglin  6DOF  model  in  the  horizontal  plane  at 
1.0  seconds  time  of  flight  (no  angle  of  attack  or  sideslip). 

(3)  For  all  practical  purposes,  ATAGAS  matched  the  Eglin  6DOF  model  exactly  in 
the  vertical  plane  at  0.5  and  1.0  seconds  time  of  flight  (no  angle  of 
attack  or  sideslip) . 

(4)  ATAGAS,  at  the  worst,  was  within  0.8  mils  of  the  Eglin  6DOF  model  in  the 
horizontal  plane  at  0.5  or  1.0  seconds  time  of  flight  when  an  initial  angle 
of  attack  or  sideslip  was  other  than  zero.  On  the  average,  ATAGAS  was  with¬ 
in  0.5  mils  of  the  Eglin  6DOF  model  in  the  horizontal  plane  at  0.5  or  1.0 
seconds . 
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(5)  ATAGAS ,  at  the  worst,  was  within  0.7  mils  of  the  Eglin  6DOF  model  in  the 

vertical  plane  at  0.5  or  1.0  seconds  time  of  flight  when  an  initial  angle 

of  attack  or  sideslip  was  other  than  zero.  On  the  average,  ATAGAS  was 

within  0.5  mils  of  the  Eglin  6 DOF  model  in  the  vertical  plane  at  0.5  or 

1 . 0  seconds . 

(6)  On  the  average,  ATAGAS  to  Eglin  6 DOF  hoiizontal  angular  difference  was 
less  than  0.25  mils  at  0.5  or  1.0  seconds  time  of  flight  for  all  the  cases 
examined.  The  average  vertical  angular  difference  was  less  them  0.15  mils 
for  all  the  cases  examined  at  0.5  or  1.0  seconds  time  of  flight. 

b.  1,5  and  2.0  seconds  time  of  flight  accuracy  assessments: 

(1)  ATAGAS  was  within  0.5  mils  of  Eglin  6DOF  model  in  the  horizontal  plane  at 
1.5  seconds  time  of  flight  (no  angle  of  attack  or  sideslip). 

(2)  ATAGAS  was  within  0.6  mils  of  Eglin  6DOF  model  in  the  horizontal  plane  at 
2.0  seconds  time  of  flight  (no  angle  of  attack  or  sideslip). 

(3)  ATAGAS  was  within  1.0  mils  of  Eglin  6DOF  model  in  the  vertical  plane  at 
1.5  or  2.0  seconds  time  of  flight  (no  angle  of  attack  or  sideslip). 

(4)  ATAGAS,  at  the  worst,  was  within  1.0  mils  of  Eglin  6DOF  model  in  the  hori¬ 
zontal  plane  at  1.5  or  2.0  seconds  time  of  flight  when  an  initial  angle 

of  attack  or  sideslip  was  other  than  zero.  On  the  average,  ATAGAS  was 
within  0.5  mils  of  Eglin  6DOF  model  in  the  horizontal  plane. 

(5)  ATAGAS,  at  the  worst,  was  within  C.75  mils  of  Eglin  6DOF  model  in  the 
vertical  plane  at  1.5  or  2.0  seconds  time  of  flight  when  initial  angle  of 
attack  or  sideslip  was  other  than  zero.  On  the  average,  ATAGAS  was  within 
0.5  mils  of  Eglin  6D0F  model  in  the  vertical  plane. 

(6)  On  the  average,  ATAGAS  to  Eglin  6DOF  horizontal  angular  difference  was  less 
than  0.40  mils  at  1.5  or  2.0  seconds  time  of  flight  for  all  the  cases 
examined.  The  average  vertical  angular  difference  was  less  than  0.20  mils 
for  all  the  cases  examined  at  1.5  or  2.0  seconds  time  of  flight. 

APPENDIX  9-C 

EXTRACT  FROM  REFERENCE  9-2 


Estimate  of  Uncertainty 

The  errors  found  through  parameter  variation  in  this  study  were  grouped  by  similarity 
and  fit  with  the  following  empirical  relationships.  The  approximate  mil  errors  are: 


ERROR  SOURCE 


lo  EFFECT  (mils) 


u> 

Combined 

independent  errors 

(2) 

Combined 

errors 

dependent  on 

time  of 

flight 

(Tf ) 

(3) 

Target  position 

errors 

1.6 

2/3  x  (Tf)2 

4/3  2  +  [l 2  x  (LOS  rate)]  2 


The  errors  above  can  be  determined  and  combined  for  any  flight  condition  to  estimate 
ATAGAS  uncertainty. 


For  example,  in  a  center-of-tne-envelope  pass,  typical  of  those  flown  at  the  AFFTC, 
the  ATAGAS  uncertainty  would  have  a  one  sigma  value  of  appt oximately  2  1/2  mils.  With  a 
timing  correlation  error,  the  uncertainty  mioht  be  greater.  The  uncertainty  could  be 
computed  as  follows: 

Assume  co-sneed,  750  fps ,  (230m/sec),  medium  altitude  (20,000  ft)  (6000m),  target  and 

fighter  range,  2000  ft  (600m),  angle-off,  20°;  tracking  shot.  Therefore,  LOS  rate  is 
approximately  .10  radians  per  second  and  T ^  is  0.64  seconds. 
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T.  W.  Chubb 

Instrumentation  and  Trials  Department, 
Royal  Aircraft  Establishment, 
Farnborough,  Hampshire,  England 


SUMMARY 

The  Sector  Acoustic  Miss  Distance  Indicator  fitted  to  the  Rushton  towed  target  was 
developed  to  meet  the  requirements  of  air-to-air  gun  harmonisation  trials.  This  paper 
discribes  the  operating  principles  and  indicates  the  performance  limitations  which  deter¬ 
mine  the  accuracy  in  both  range  measurement  and  quadrant  determination.  The  application 
to  air-to-air  gun  harmonisation  trials  using  this  target  system  is  described. 


1  INTRODUCTION 

Any  new  combination  of  aircraft,  gun  and  gun-sight  must  be  tested  to  prove  that  the 
shells  from  the  gun  do  indeed  hit  a  target  indicated  by  the  gun-sight.  This  test  must  be 
performed  under  all  the  various  conditions  of  aircraft  manoeuvre  that  will  arise  during 
practical  attacks.  A  system  is  required  therefore  where  the  indication  of  the  gun-sight 
may  be  compared  with  the  trajectory  of  the  shells  and  corrective  action  taken  to  harmonise 
the  gun-sight  to  the  gun. 

The  Sector  Acoustic  Miss  Distance  Indicator,  fitted  to  the  Rushton  towed  target  was 
developed  to  meet  this  requirement  and  this  paper  describes  that  system  and  its  applica¬ 
tion  to  gun-harmonisation. 

2  ACOUSTIC  MISS  DISTANCE  SYSTEM 

Miss  distance  or  bullet  scoring  systems  basec^on  the  measurement  of  the  acoustic 
shock  wave  from  a  passing  supersonic  projectile  have  been  used  for  gunnery  practice  for  a 
number  of  years.  In  the  UK  the  Rushton  towed  target  has  had  an  acoustic  scorer  for  many 
years  and  is  used  for  ground-to-air  and  ship-to-air  gunnery  practice.  A  ground  based 
version  has  recently  been  introduced  for  air-to-ground  gunnery  practice.  Many  other 
countries  have  similar  systems. 

2.1  Principals  of  operation 

Any  supersonic  object  produces  a  shock  wave.  If  the  projectile  is  reasonably  small 
and  suitably  shaped  then  within  a  short  distance  of  the  trajectory  the  shock  wave  forms 
the  characteristic  'N-wave'.  The  formation  and  characteristics  of  this  wave  are  given  in 
Refs  1  and  2.  The  initial  pressure  rise  of  the  shock  wave  is  related  to  the  distance  from 
the  trajectory  (miss-distance)  by: 
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where  AP 
C 
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is  the  pressure  rise  across  the  front  of  the  shock  wave; 
is  a  constant  and  depends  on  shell  dimensions  and  shape1*2; 
is  ‘he  ambient  atmospheric  pressure; 

is  the  Mach  number  of  the  shell,  which  is  the  ratio  of  shell  velocity  to  the 
local  velocity  of  sound,  and 

is  the  perpendicular  distance  from  the  trajectory,  the  miss  distance. 


The  shock  wave  forms  an  expanding  cone  with  the  trajectory  along  the  cone  axis  and 
the  apex  of  the  cone  just  ahead  of  the  projectile.  The  semi-angle  a  of  the  cone  is  the 
Mach  angle  given  by: 


a 


Sin_1(s) 


(2) 


2 . 2  Accuracy 

The  accuracy  of  the  theoretical  formula  of  Eq.(l)  has  been  investigated  for  a 
number  of  applications  including  the  original  Ref  1.  Our  own  investigations  were 
performed  many  years  ago,  and  showed  that  with  30mm  calibre  ammunition  the  accuracy  was 
about  4%  (standard  deviation)  for  miss  distances  between  about  3  and  8  m  rising  to  about 
7^»  for  miss  distances  of  2  and  15  m.  The  deviation  from  the  i  power  law  of  Eq.(l)  is 
negligible  over  most  of  the  useful  range  of  miss  distances.  At  extremely  short  ranges 
this  law  does  not  apply  and  individual  differences  in  shell  trajectories  are  responsible 
for  the  deteriorating  accuracy.  At  long  ranges  the  deterioration  in  accuracy  is  due  to 
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the  small  signal  level  on  a  constant  noise  level  me  principal  source  of  noise  is  the 
air  flow  over  the  microphone  and  is  dee  -.dent  on  target  velocity  and  microphone  design. 

(The  accuracy  of  the  system  0  nut  so  good,  by  a  factor  of  about  2,  when  used  with  large 
calibre  guns,  ■-'j  1 I 5mm  Naval  gun.) 

These  accuracy  trials  demonstrate  that,  with  care,  the  acoustic  miss  distance  system 
may  be  used  for  accurate  gunnery  scoring.  In  practice,  the  system  is  used  to  count  rounds 
into  scoring  zones,  usually  three,  and  these  zones  are  adjusted  for  the  calibre  of  gun, 
mean  range,  target  altitude  and  velocity.  The  mean  range  is  used  to  determine  the  average 
Mach  number  for  the  shells  and  no  correction  is  made  for  change  of  Mach  number  with  actual 
range.  This  factor  is  usually  the  largest  source  of  error  in  systems  in  use  today. 

2.3  Dead-time  errors 

If  one  round  passes  the  target  at  a  large  miss  distance  and  is  followed  by  another 
round  at  a  small  miss  distance  it  is  possible  that  the  second  shock  wave  will  arrive  at 
the  microphone  while  the  system  is  still  processing  the  first  event.  In  this  case  the 
second  shock  wave  would  be  missed.  Detailed  calculations 3  have  shown  that  with  the  rate 
of  fire  of  the  30mm  Aden  gun,  and  under  certain  attack  conditions,  this  may  occasionally 
occur.  The  system  used  during  development  would  for  this  reason  be  unsuitable  for  guns 
with  a  high  rate  of  fire,  such  as  the  20mm  Vulcan,  fitted  to  F4s  etc.  The  production 
version  of  this  equipment  will  use  a  different  miss  distance  coding  technique  which  will 
reduce  the  total  instrumental  dead  time  to  little  more  than  the  duration  of  the  shock 
wave  itself.  Calculations4  then  show  that  even  with  the  6000  rpm  of  the  Vulcan  gun 
the  maximum  probability  of  one  of  two  consecutive  rounds  going  undetected  is  about  0.03. 

It  will  be  apparent  from  the  preceding  discussion  that  measurements  using  two  or 
more  guns  simultaneously  would  be  considerably  degraded  so  that  trials  would  normally  be 
restricted  to  the  firing  of  a  single  gun. 

3  SECTOR  INFORMATION 

An  omnidirectional  microphone  will  be  uniformly  sensitive  to  shells  in  all  directions 
and  will  not  provide  the  gunner  with  any  indication  of  the  direction  of  the  miss  relative 
to  the  target.  The  direction  of  arrival  of  the  shock  wave  may  be  accurately  determined  by 
using  an  array  of  microphones.  There  are  a  number  of  alternative  arrangements  of  micro¬ 
phone  arrays  and  processing  systems,  but  a  factor  which  must  always  be  considered  is  cost. 
Targets  are  frequently  lost  and  so  it  is  desirable  that  equipment  which  is  lost  with  them 
should  be  low  in  cost.  It  was  for  this  reason  that  a  relatively  simple  system  was  chosen 
which  only  defines  the  sector  or  quadrant  of  the  passing  trajectory. 

3.1  Principle  of  operation 

Four  microphones  are  mounted  on  the  target  in  the  form  of  an  upright  cross.  These 
microphones  are  shown  on  the  nose  of  the  target  in  Fig  1.  A  section  through  the  plane 
of  the  four  microphones  is  shown  in  Fig  2.  A  supersonic  projectile  passing  the  target  at 
right  angles  to  this  plane  produces  a  shock  wave  which  is  an  expanding  circle  in  this 
plane.  Such  a  shock  wave,  shown  in  Fig  2,  will  reach  the  microphones  in  the  order  2,  1, 

3,  4.  This  simple  'order  of  arrival'  is  detected  and  used  to  denote  the  sector  of  the 
miss . 

3.2  Accuracy  and  errors 

The  microphone  array  is  a  square  of  side  0.11  m  and  the  shock  wave  travels  across 
the  plane  at  a  velocity  v  given  by: 
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where  vc  is  the  velocity  of  sound  approximately  340  m  s  at  sea  level).  The  speed 

of  modern  electronics  is  more  than  adequate  to  determine  the  sector  of  the  miss  with 
extreme  accuracy.  A  calculation,  including  the  measured  aerodynamic  noise  from  the  micro¬ 
phones  indicates  an  uncertainty  of  the  sector  boundary  of  about  0.3°. 

If  the  trajectory  of  the  shell  is  not  normal  to  the  plane  of  the  microphones  then 
the  conic  section  of  the  expanding  shock  wave  in  that  plane  is  not  a  circle.  If^the  angle 
between  the  trajectory  (t)  and  the  plane  of  the  microphone  array  lies  between  90  and  the 
Mach  angle  »  ,  the  expanding  shock  wave  is  an  ellipse.  If  t  =  a  ,  the  shock  wave  is  a 
oarabola  and  if  }  •  i  the  wave  is  a  hyperbola.  In  any  of  these  situations  there  are 
cases  where  the  order  of  arrival  of  the  shock  wave  at  the  microphones  is  different  to  the 
simple  case.  In  the  cases  of  the  hyperbola  or  the  parabola  totally  different  orders  of 
arrival  are  predicted  and  the  technique  fails.  In  the  case  of  the  ellipse  detailed 
calculations  have  been  made  to  define  the  magnitude  of  the  errors.  Figs  3  and  4  show  the 
results  of  two  such  calculations.  In  both  examples  the  azimuth  angle  between  the  relative 
trajectories  of  shell  and  target  is  10.7°  (shell  travels  left  to  right  across  the  target 
trajectory)  and  the  elevation  angle  is  10.5°.  These  give  an  angle  between  the  shell 
trajectory  and  the  normal  to  the  microphone  plane  of  15°.  A  typical  target  velocity  of 
M  =  0.5  is  used.  The  shaded  areas  of  the  diagrams  are  those  regions  where  a  passing  shell 
would  be  erroneously  scored  into  the  adjacent  sector.  In  Fig  3  a  fairly  typical  shell 
velocity  of  M  =  2.0  produces  four  error  zones  of  2-3°  wide.  In  Fig  4  a  low  shell  velocity 
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of  M  =  1.2  produces  two  error  zones  of  about  16°  width  and  two  of  about  7°.  Such  a  low 
shell  velocity  would  only  occur  at  extreme  firing  ranges  (approximately  1000  m  for  the 
30mm  Aden) . 

The  analysis  indicates  that  the  system  will  give  acceptable  results  (error  zones 
<5%  of  total)  for  all  normal  attack  conditions  provided  the  trajectory  of  the  shell  lies 
within  ±20°  of  the  target's  trajectory.  With  increased  angles  of  interception,  the  above 
error  zones  increase  to  approximately  30%  when  the  intercept  angle  is  45°. 

Flight  tests  have  shown  that  on  rare  occasions  a  microphone  will  appear  to  have 
reduced  sensitivity.  This  effect  usually  lasts  a  short  time  and  then  corrects  itself.  It 
is  thought  to  be  due  to  water  collecting  on  the  protective  gauze  of  the  microphone  and 
subsequently  being  blown  or  evaporating  away.  Many  of  the  possible  errors  in  sector 
information  caused  by  this  effect  are  suppressed  by  some  additional  electronic  logic  which 
implements  the  rule  that  the  first  two  events  in  any  sequence  must  come  from  adjacent 
microphones. 

4  RUSHTON  TOWED  TARGET 

The  Rushton  towed  target  is  a  cylinder  about  2.5  m  long  by  about  0.2  m  diameter.  It 
has  stabilising  fins  at  the  rear  incorporating  various  combinations  of  flares  which  are 
fired  by  means  of  a  radio  command  link  with  the  towing  aircraft.  The  target  also  carries 
radar  enhancing  devices.  The  towing  point  is  just  above  and  slightly  forward  of  the 
centre  of  gravity  and  a  typical  tow  line  for  air-to-air  gunnery  is  3000  m  long.  One  of 
the  targets  used  for  the  development  of  this  scoring  system  is  shown  in  Fig  5. 

The  towing  aircraft  is  equipped  with  a  receiving  system  for  receiving  and  recording 
data  transmitted  by  the  target.  Even  if  the  more  elaborate  facilities  of  a  ground 
receiving  station  are  desired  the  facility  for  recording  data  in  the  towing  aircraft  is  a 
useful  reserve  in  case  of  disruption  of  the  target  to  ground  station  radio  link. 

The  Canberra  is  the  main  target  towing  aircraft  used  in  the  UK.  Recently,  ex-Royal 
Navy  Sea  Vixens  have  been  converted  to  the  towing  role  and  provide  a  higher  performance 
than  the  Canberras. 

3.3  Target  system 

Fig  6  shows  a  schematic  diagram  of  the  target-borne  part  of  the  system.  The  lowest 
of  the  four  microphones  (No. 3)  is  used  for  the  miss  distance  function.  The  signal  from 
this  microphone  is  fed  to  the  miss  distance  code  generator  where  a  pulse  whose  duration  is 
directly  proportional  to  the  peak  amplitude  of  the  Incoming  signal  is  generated.  There  is 
a  maximum  duration  allowed  for  this  pulse.  All  four  microphones  are  connected  to  the 
sector  code  generator  where  the  order  of  arrival  of  the  shock  wave  at  the  microphones  is 
recognised  and  an  appropriate  digitally  coded  signal  is  generated.  The  sector  coded 
signal  is  delayed  by  the  maximum  permitted  duration  of  the  miss  distance  signal  and  then 
the  two  signals  are  added  together.  A  modulator  and  a  small  radio  transmitter  complete 
the  target  equipment  and  the  coded  signal  is  transmitted  to  the  receiver. 

3.4  Receiver  system 

The  receiving  system  may  be  located  either  in  the  towing  aircraft  or  in  a  ground 
station.  A  schematic  diagram  is  shown  In  Fig  7.  The  signal  is  received  and  demodulated 
to  reconstruct  the  combined  coded  signal.  At  this  point  it  may  be  recorded  for  later 
detailed  analysis.  The  miss  distance  and  sector  signals  are  separated  and  decoded.  In 
the  miss  distance  decoder  a  pulse  whose  amplitude  is  directly  proportional  to  the  original 
microphone  pulse  is  produced  and  presented  to  three  adjustable  comparators.  The  settings 
on  the  comparators  are  pre-determined  for  required  zone  radius,  target  altitude  and  speed, 
gun  calibre  and  mean  shell  Mach  number.  The  mean  shell  Mach  number  is  determined  from 
the  ballistic  range  table  for  the  mean  firing  range  and  the  attacking  aircraft's  velocity. 
Each  round  passing  the  target  is  simply  counted  into  the  appropriate  zone  and  sector. 

The  production  version  of  this  equipment  will  have  a  combined  two  zone  and  four  sector 
display  as  shown  in  Fig  8.  For  gunnery  practise  this  is  adequate  and  the  later  analysis 
of  tape  recordings  is  unnecessary.  For  gun  harmonisation  this  is  not  adequate  and  the 
tape  recordings  are  analysed. 

A  simple,  if  laborious,  technique  of  analysing  the  tape  recordings  is  to  replay  the 
tape,  at  reduced  speed  through  a  chart  recorder,  measure  the  length  of  each  miss  distance 
pulse  and  identify  the  sector  from  the  digital  code  by  inspection.  This  may,  of  course, 
be  automated  giving  a  print-out  of  the  miss  distance  and  sector  of  each  round. 

5  TECHNIQUES  USED  FOR  GUN  HARMONISATION 

The  individual  signals  generated  from  every  round  that  passes  the  target  are  recorded 
and  individually  decoded  to  give  miss  distance  and  sector.  The  Mach  number  for  the 
correct  application  of  Eq.(l)  depends  on  the  attacking  aircraft's  speed,  target  speed,  and 
firing  range.  The  aircraft's  and  target's  speeds  are  recorded  from  normal  aircraft 
instruments  and  the  firing  range  is  determined  by  one  of  several  techniques.  For  example, 
if  the  attacking  aircraft  is  fitted  with  radar  the  range  may  be  determined  from  that.  A 
second  technique  is  derived  from  the  transmission  from  the  attacking  aircraft  of  a  tone, 
generated  when  the  pilot  depresses  the  firing  button.  This  tone  is  received  at  the  ground 
station  and  recorded  on  the  same  tape  recorder  as  the  signals  from  the  target.  From  this 
record  the  time  between  the  gun  firing  and  the  shells  arrival  may  be  accurately  determined. 
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The  estimation  of  firing  range  and  Mach  number  is  then  made  from  interpolation  from  the 
gun’s  range  table  with  a  correction  for  attacking  aircraft  speed  and  target  speed. 

The  indication  of  the  gun-sight  during  an  attack  is  recorded  on  photographic  film 
and  so  the  performance  of  the  gun  and  gun-sight  may  be  compared. 

Visual  acquisition  of  such  a  small  target  is  difficult.  The  procedure  adopted 
requires  the  Range  controller,  using  surveillance  radar,  to  position  the  attacking  air¬ 
craft  relative  to  the  target.  From  the  position  and  range  at  which  most  attacks  commence 
the  pilot  should  be  able  to  acquire  the  target  visually.  The  pilot  then  calls  for  a 
target  flare  to  be  fired  either  to  aid  him  in  acquiring  the  target  or  as  a  visual  enhance¬ 
ment  during  his  attacking  manoeuvre.  Two  types  of  flare  are  available;  these  are  smoke 
flares  and  light  emitting  flares.  The  former  are  excellent  for  visual  ranging  but  the 
smoke  tends  to  be  invisible  close  to  the  target.  Consequently  these  flares  are  poor  in 
providing  an  aiming  point.  The  latter  produce  an  excellent  aiming  point  but  are  poor  for 
visual  ranging.  The  flares  are  fired  sequentially  and  so  it  is  possible  to  have  two 
flares,  one  smoke  and  one  light  emitting  burning  together.  This  combination  provides  the 
best  target  but  suffers  from  the  limited  number  of  flares  (at  present,  six)  which  may  be 
carried  on  any  one  target.  Due  to  the  reasonable  cost  of  the  system  it  is  both  highly 
satisfying  to  all  concerned  and  a  definitive  proof  of  gun  harmonisation  if  the  later 
attacks  in  a  trial  series  actually  destroy  the  target. 

6  CONCLUSIONS 

The  principles  of  operation  and  the  performance  of  the  sector  acoustic  miss  distance 
measuring  system  fitted  to  the  Rushton  towed  target  have  been  described.  The  system  has 
been  shown  to  have  adequate  capability  to  meet  the  requirements  of  a  target  for  air-to-air 
gun  harmonisation,  and  the  techniques  used  in  harmonisation  trials  have  been  outlined. 
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Fig  1  Microphone  array  on  nose  of  target 


Fig  2  Diagram  of  expanding  shock  wave  in  plane  of  microphones 
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RESUME 

La  complexity  aaaociee  aux  performances  de  plus  en  plus  pousaees  des  aviona  rend  necessaire, 
a  tous  lea  stadea,  une  cooperation  tree  etroite  entre  l'avionneur  et  le  motoriate.  Des  la  concep¬ 
tion  d'un  avion  de  combat  moderne,  lea  bureaux  d* etude  respect if a  ont  a  prendre  en  compte  1* etude 
approfondie  de  1 'adaptation  et  de  la  compatibility  de  1 'ensemble  propulaif  et  de  la  cellule. 

Cette  cooperation  etroite  ae  maintient  tout  au  long  de  la  phaae  de  developpement • 

Une  foia  arrive  le  atade  de  la  realisation,  lea  eaaais  en  vol  du  materiel  font  apparattre  de 
nouvellea  necesaitea  devolution  de  la  configuration*  Parmi  celles-ci,  beaucoup  concernent  la 
compatibility  du  moteur  avec  lea  autres  ayatemea  de  1 'avion*  L' anticipation  et  la  resolution  de 
ces  problemes  doivent  absolument  St  re  realiseea  de  faqon  aatiafaiaante* 

La  qualite  du  produit  final  en  depend  etroitement* 


PREFACE 

Une  adaptation  bien  etudiee  et  une  compatibility  aatiafaiaante  du  reacteur  et  de  la  cellule 
d'un  avion  de  combat  moderne  constituent  des  qualitea  eaaentielles  pour  la  reusaite  technique  de 
la  realisation. 

Cette  observation  eat  valable  auaai  bien  dans  le  cas  du  montage  d'un  reacteur  de  type  nouveau  que 
dans  le  caa  d'une  remotor i sat  ion . 

Des  le  atade  de  la  conception,  chez  l'avionneur  comme  chez  le  motoriate,  toua  lea  efforts  sont 
mis  en  oeuvre  pour  que  1 'adaptation  du  moteur  a  1 'avion  soit  reuaaie. 


En  plus  du  travail  soutenu  des  bureaux  d'etudes,  lea  differenta  elements  du  reacteur  et  le 
reacteur  complet  subiasent  toute  une  aerie  d' eaaais,  au  sol  (easaia  partiela,  banc  d'eaaaia, 
banc  d' altitude),  puis  en  vol  reel  aur  banc  volant  avant  le  montage  final  aur  1' avion  d'armes. 


De  son  c8te,  l'avionneur  developpe  la  cellule  et  sea  differenta  ayatemea,  au  prix  d'une  non 
moina  longue  aerie  d'esaaia.  Une  cooperation  etroite  entre  l'avionneur  et  le  motoriate  eat  main- 
tenue  pendant  toute  cette  phaae  preparatoire  afin  de  traiter  lea  differenta  aspects  d'adaptation 
qui  ae  preaentent. 


L' experience  a  montre  que,  malgre  toutes  lea  precautions  prises  aux  differenta  atadea,  une 
mise  au  point  complementaire  du  materiel  s'avere  tou jours  necessaire,  une  foia  le  moteur  inatalle 
aur  1' avion  d’armea. 


Ce  sont  ces  problemes  d'adaptation  et  de  compatibility  que  nous  nous  propoaona  d'etudier  en 
examinant  lea  differenta  aecteura  dans  leaquela  ila  sont  habituel lement  rencontres.  11  ne  aaurait 
s'agir  d'une  etude  exhaustive,  compte  tenu  que  chaque  caa  d'avionnage  presente  aea  caracteri at i- 
quea  apecifiquea.  Nous  illuatrerons  lea  caa  exposes  par  des  examples  vecua  au  coura  des  easaia 
en  vol  de  1' avion  ALPHAJET  qui  eat  equipe  de  moteura  LARZAC  developpe a  par  SNECMA  et  TURBOMECA, 
reunis  dans  le  groupement  GRTS  (planches  la  3)* 

Nous  allona  conaiderer  aucceaai vement  lea  differenta  aspects  suivanta  : 

-  Compatibility  ae rodynanique 

-  Pilotabilite  du  moteur 

-  Prelevementa  (d'air 

\ de  puissance 

-  ^emarrage  du  moteur  en  conditions  extremes 

-  Alimentations  (en  carburant 

(e lectrique 

-  Conduite  et  surveillance  des  moteura 

-  ProntiArea  diverges 

-  Armament 


-  Aptitude  a  la  maintenance 


1.  COMPATIBILITE  AERODYNAMIQUE 

Le  fonctionnement  d'un  moteur  depend  etroitement  des  conditions  d* alimentation  en  air,  Une 
bonne  alimentation  en  air  necessite  s 

-  une  bonne  integration  du  moteur  dans  la  cellule, 

-  une  entree  d'air  bien  etudiee. 

1.1.  Implantation  du  moteur  dans  la  cellule 

L' installation  propulsive  d'un  avion  est  toujours  soumise  a  1' influence  du  champ  aerody- 
namique  interess&nt  la  cellule,  qu'a  son  tour  elle  peut  affecter*  H  importe  done,  des  le 
stade  de  la  conception,  d'integrer  convenablement  les  entrees  d'air  et  les  tuyeres 
d' ejection  a  la  cellule,  de  fagon  a  maltriser  les  interferences  aerodynamiques. 

.  Les  formes  d'un  avion  dans  la  partie  amont  des  entrees  d'air  sont  dessinees  de  fagon  a 
assurer  une  bonne  continuity  d ' ecoulement ,  une  couche  limite  reduite  et  1' absence  de 
sillage  affect ant  les  entrees  d'air.  Des  modifications  eventuelles  de  forme  (par  exam¬ 
ple,  forme  du  nez  d'un  avion  avec  moteurs  dans  le  fuselage)  ou  des  rajouts  eventuels 
de  sondes  en  saillie  peuvent  avoir  des  consequences  nefastes  sur  le  fonctionnement  du 
moteur. 

Les  deux  versions,  ecole  et  appui  tactique  de  1* avion  ALPHAJET  ont  des  formes  de  nez 
differentes  (planche  l).  Gr&ce  a  une  etude  soignee  des  formes  dans  les  deux  cas,  le 
fonctionnement  des  moteurs  n'est  pas  affecte  par  la  configuration  du  nez. 

•  L' etude  des  formes  arrieres  les  mieux  adaptees  est  menee  con jointement  par  les  bureaux 
d' etude  avionneur  et  motoriste  et  verifies  en  soufflerie  sur  maquette. 

Les  objectifs  suivants  sont  poursuivis  : 

-  axe  de  poussee  conforme  a  l'objectif, 

-  trainee  de  culot  reduite, 

-  non  interference  accidentelle  des  jets  des  reacteurs. 

Les  essais  en  vol  permettent  de  verifier  ces  differents  aspects.  II  est  assez  rare  que 
des  remises  cn  cause  profondes  de  la  conception  resultent  des  essais.  En  revanche,  il 
faut  parfois  retoucher  les  zones  environnant  les  tuyeres  afin  d'ameliorer  la  performan¬ 
ce  globale  (optimisation  de  la  trainee  de  culot). 

L' avion  ALPHAJET,  dont  1 'etude  aerodynamique  a  ete  poussee,  n'a  presente  aucun  problems 
de  developpement  de  cette  nature  (planche  l). 

1.2.  Compatibility  entree  d'air  moteur 

1.2.1.  Une  bonne  qualite  de  1' ecoulement  de  1'air  a  1 'entree  du  moteur  est  necessaire  a 
son  bon  fonctionnement.  Tous  les  reacteurs  sont,  en  effet,  sensibles  a  la  distor- 
sion  d' entree  d'air  qui  se  traduit  par  s 

-  un  abaissement  des  limites  de  pompage, 

-  une  augmentation  de  1' excitation  vibratoire  des  aubages  de  compresseur, 

-  une  perte  de  performance  dans  les  cas  extremes. 

Un  maximum  de  precautions  est  done  pris  pour  que  les  entrees  d'air  et  les  moteurs 
soient  correctement  adaptes. 

Les  moteurs  sont  congus  avec  des  marges  vibratoires  et  des  marges  au  dycrochage, 
en  principe,  suffisantes.  L' experimentation  au  banc  partiel,  puis  au  banc  d'essais 
comporte  systemat iquement  des  essais  avec  des  grilles  de  distorsion.  Parfois, 
egalement,  1 'experimentation  sur  banc  volant  est  real! see  avec  un  ensemble  complet 
moteur/entree  d'air  representstif  de  la  configuration  finale. 

Les  entrees  d'air  sont  congues  de  fagon  a  assurer  1' absorption  correcte  du  debit 
d'air  du  moteur  en  toute  circonstance  et  une  distorsion  aussi  reduite  que  possible 
(pieges  a  couche  limite,  entrees  d'air  auxiliaires) •  Des  essais  en  soufflerie 
permettent  de  verifier  les  previsions  et  d'etablir  les  cartes  de  distorsion  atten- 
dues. 

II  faut  souligner  que  des  considerations  de  trainee  globale  de  poids,  de  simplici¬ 
ty  et  de  coflt  conduisent  le  plus  souvent  a  ne  pas  realiser  les  conditions  optimales 
pour  le  moteur,  mais  a  trouver  un  compromis  entre  ces  exigences  contradictoires. 

1.2.2.  Probities  de  compatibility  entrye  d'air/moteur  habltuel lament  rencontres 
Certains  cas  de  fonctionnement  sont  connus  pour  6tre  critiques  pour  les  ryacteurs  t 

-  Fonctionnement  au  point  fixe  -  Tourbillons  liys  a  la  prysence  du  sol  - 
Influence  du  vent  travers  ou  arriere, 

-  Fonctionnement  a  haute  altitude  et  faible  vitesse  ou  les  marges  du  moteur 
sont  les  plus  faibles, 

-  Fonctionnement  sous  incidence  AlevAe  associee,  4 ventuel lament ,  a  du 
dyrapage.  Sur  un  avion  de  hautes  performances,  les  variations  rapides 
d' incidence  sont  ygalement  A  prendre  en  considAration, 

-  Fonctionnement  en  supersonique  eleve  pour  les  avions  equipes  d'une  entrAe 
d'air  sophistiquee. 
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On  met  en  evidence,  par  ailleurs  au  cours  des  esaais  en  vol,  lea  manoeuvrea  du 
moteur  qui  s ' averent  lea  plua  severe*  dan a  lea  different*  caa  de  f onctionneroent 
consideres. 

Certains  aspects  specif iques  de  la  configuration  d'un  notour,  lies  a  dea  caract£- 
riatiques  de  cycle,  de  conception  et  aurtout  de  regulation  peuvent  conduire  a  dea 
comportements  part icul iers.  Cependant ,  certaines  manoeuvrea  aont  critiques  pour  la 
presque  totalite  des  reacteurs,  tellea  que  : 

-  mouveraents  de  manette  alternea  (agaceries) , 

-  Affichage  direct  du  plein  gaz  avec  post  combustion  a  partir  du  plein  gaz 
sec  ou  d'un  regime  intermediaire, 

-  L'etat  thermique  du  moteur  joue  souvent  un  r8le  important*  Un  moteur 
"chaud"  decroche,  en  general,  plua  facilement  • 

1*2*3*  Methodes  d 1  experimentation  en  vol  utilisees  en  FRANCE 

General ement ,  les  essais  moteur  sur  1' avion  d'armes  comportent  une  phase  initiale 
de  miae  au  point.  L' exploration  systematique  de  tous  les  cas  de  fonctionnement  du 
moteur  dans  le  domaine  de  1 'avion  fait  apparaftre  la  necessite  d'un  certain  nombre 
de  modifications* 

Une  fois  atteinte  une  definition  donnee  du  moteur  et  de  1 'entree  d'air,  consideree 
comme  correcte,  commence  la  phase  de  validation  proprement  dite. 

En  FRANCE,  cette  epreuve  'appelee  "Bon  de  Vol"  consiste  a  experimenter  des  moteurs 
rendus  intentionnellement  plus  auaceptibles  au  "decrochage"  ou  au  "blocage" *  par 
des  modifications  de  geometrie  (diatributeur  de  turbine,  section  de  tuyere)  et  de 
reglage  (butee  d' acceleration) •  Cea  moteurs  extremes  aont  destines  a  couvrir  les 
dispersions  susceptibles  d'etre  rencontrees  dans  une  production  de  aerie* 

Cette  methode  tres  severe  pour  le  materiel  permet  une  grande  sdrete  dans  les 
previsions  de  comportement  des  moteurs  de  aerie* 

Le  bon  de  vol  comporte  une  phase  preparatoire  sous  responsabilite  du  motoriste, 
puis  une  phase  "officielle"  realise©  par  le  Centre  d' Essais  en  Vol. 

Le  domaine  de  vol  et  les  consignee  d'utilisation  du  materiel  resultent  de  ces 
essais.  Les  criteres  recherches  concernent  le  respect  des  clauses  techniques,  mais 
egalement  l'obtention  d'un  bon  fonctionnement  du  moteur  sur  le  plan  operationnel • 

Les  marges  au  decrochage  du  moteur  installe  sont,  en  effet,  diff icilement  previsi¬ 
bles  avec  precision,  m8me  en  fonctionnement  stabilise,  compte  tenu  de  la  difficult^ 
d ' apprehender  les  phenomenes  instationnaires  qui  se  produisent  dans  une  entree 
d'air*  Le  probleme  se  complique  encore  pour  le  fonctionnement  transitoire  que 
seuls  les  essais  en  vol  permettent  de  quantifier* 

Pour  resoudre  les  problemes  de  decrochage  eventual lement  rencontres,  on  est  parfois 
amene  a  regler  le  moteur  d'une  fagon  qui  le  rapproche  du  blocage,  de  telle  sorte 
qu'il  faut  egalement  regarder  de  pres  les  caracteristiques  du  moteur  vis  a  vis  du 
blocage* 


1.2*4.  Dans  le  cas  de  l'avionnage  du  moteur  LARZAC  sur  1' avion  ALPHAJET,  les  difficultes 
de  mise  au  point  suivantes  sont  apparues  : 

-  Persistence  de  decollement  tournant  a  bas  regime  sur  certains  moteurs, 
avec  passage  en  decrochage  partiel  sur  mise  de  gaz*  Le  phenomena  se  mani- 
festait  au  sol  ou  il  etait  aggrave  par  le  vent  travers  ou  arriere  et  a 
basse  altitude* 

•  Le  probleme  a  ete  resolu  en  montant  des  vannes  de  d£charge  du  compres- 
seur  HP  au  2e  etage  au  lieu  du  4e  etage  comme  dans  la  conf igurat ion 
initiale* 


-  Sensibilite  du  moteur  aux  agaceries  a  regime  intermediaire  a  basse  altitu¬ 
de,  surtout  sous  incidence,  se  traduisant  par  un  decrochage  momentane  ou 
par  un  decrochage  partiel  du  moteur. 

•  Le  decalage  du  regime  N2  de  fermeture  des  vannes  de  decharge  de  70  a 
80  %  a  elimine  ce  risque* 

-  Decrochage  du  moteur  sur  panne  du  calculateur  a  nombre  de  mach  eleve  dfl  a 
l ' etranglement  du  flux  secondaire  associe  a  l'ouverture  automat ique  des 
vannes  de  decharge  dans  ces  conditions. 

•  Une  consigns  d'utilisation  attire  1' attention  sur  ce  risque  qui  reste 
assez  improbable  et  confine  a  une  partie  du  domaine  de  vol  peu 
utilises. 


Le  domaine  d'utilisation  du  moteur  sur  1 'avion  de  serie  est  donne  sur  la 
planche  4* 


NOTA  *  Le  terme  "blocage"  peut  s'appliquer  a  un  blocage  effectif  du  regime  sur  mise  de  gaz 
ow  bien  A  une  lenteur  excessive  d ' acceleration  du  moteur. 
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2.  PI LOT ABI LITE  DU  MOTEUR 

La  marge  au  blocage  d'un  moteur  ne  devient,  en  general,  critique  qu'a  haute  altitude* 
Toutefois,  l1 aspect  plus  general  de  la  pilotabilite  d'un  moteur  sur  un  avion  donne  doit  faire 
l’objet  d'une  etude  part icul iere • 

Au  cours  des  essais  au  banc  du  moteur,  les  caracterist iques  suivantes  sont  determinees  et  font, 
eventual lement ,  I'objet  d'une  adaptation. 

•  Caracter i st igue  statique 

Loi  poussee/angle  manette  des  gaz 

L’objectif  consiste  a  obtenir  une  evolution  continue,  en  general  Iineaire  a  fort  regime, 
sans  plage  morte  ni  discontinuity  importante  (liee,  par  exemple,  a  un  regime  d'ouverture 
de  vannes  de  decharge). 

•  C&racteristique8  dynamiquea" 

-  Temps  d‘ acceleration  depuis  le  ralenti  et  depuis  des  regimes  intermediaires. 

-  Absence  de  dephasage  important  sur  sollicitations  alternees, 

-  Gradients  de  poussee  -  M6me  en  1 'absence  de  specifications  techniques  formelles,  on 
considere,  en  PRANCE,  qu'il  est  necessaire  d'evaluer  avec  precision  la  reponse  du 
moteur  et  de  la  rendre  conforme  aux  souhaits  des  utilisateurs.  En  ce  sens,  on  fait 
intervenir  la  notion  de  gradient  de  poussee  a  partir  de  differents  regimes,  ce  qui 
permet  de  caracteriser  la  reponse  initials  du  moteur.  On  definit  ainsi,  par  exemple, 

Gl  qui  represente  1 'augmentation  de  poussee  en  1  seconde  (planche  5)« 

Une  fois  le  moteur  avionne  sur  1 'avion  d'armes,  ces  caracteristiques  sont  de  nouveau  evaluees, 
au  point  fixe  et  en  vol,  ainsi  que  des  aspects  complementaires,  tels  que  la  symetrie  des 
manettea  et  les  problemes  de  synchronisation,  dans  le  cas  d'un  multimoteur.  Enfin  et  surtout, 
il  est  necessaire  d'effectuer  1' evaluation  qualitative  globale  de  la  pilotabilite  dans  des 
cas  de  vol  part icul iereraent  importants  : 

-  phase  d'approche, 

-  percee  IFR, 

-  vol  en  patrouille, 

-  combat , 

-  ravitaillement  en  vol  (s’il  y  a  lieu). 

Cette  evaluation  est,  en  particulier,  effectuee,  en  FRANCE,  sur  aes  raoteurs  en  configuration 
extreme  blocage. 

Sur  1* avion  ALPHAJET,  les  moteurs  n'ont  pas  eu  a  6tre  modifies  pour  des  raisons  de  pilotabilite. 


3.  PRELEVEMENTS  D'AIR 

Les  prelevements  d'air  sont  utilises  principalement  pour  pressuriser  la  cabine  et  les  reser¬ 
voirs,  parfois  aussi  pour  pressuriser  ou  conditionner  des  equipements, ou  pour  des  besoins  de 
degivrage * 

I'avionneur  demande  un  niveau  suffisant  de  pression  qui  impose  une  source  au  niveau  des  etages 
haute  pression  des  compresseurs. 

Les  taux  de  prelevement  peuvent  &tre  assez  eleves. 

Lea  consequences  d'un  prelevement  d'air  sont  s 

-  perte  de  performance  installee  ou  diminution  de  la  marge  de  temperature  turbine  (sui- 
vant  le  type  de  regulation), 

-  releveroent  de  la  ligne  de  f onctionnement  assoc le  a  une  augmentation  des  temps  d* acce¬ 
leration  du  moteur, 

-  Amelioration  de  la  marge  au  decrochage  du  fait  du  desetranglement  du  compresseur. 

Ces  differents  effets  ont  ete  mis  en  evidence  dans  le  cas  du  moteur  LARZAC.  L' illustration  de 
1' influence  sur  la  ligne  de  fonct ionnement  est  donnee  sur  la  planche  6.  La  determination  des 
limites  de  decrochage  a  ete  effectuee  en  coupant  le  prelevement  de  cl imat i sat ion  cabine  du 
moteur  en  essais,  afin  d'eliminer  cet  effet  favorable.  L* evaluation  du  "blocage"  a,  au  contrai- 
re,  ete  effectuee  avec  le  prelevement  cabine  ouvert. 
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4  -  PRELEYEHENT  DE  PUISSANCE 

L' entratnement  des  pompea  hydrauliquea  et  des  gen^rateura  electriques  d'un  avion  oat 
effectue  a  partir  de  boftes  relais  entralneea  par  le  compreaaeur  HP.  Le  preleveraent  de  puis¬ 
sance  correspondent  eat  tree  variable  d'un  avion  a  I'autre,  Sur  le»  aviona  d'armes  modarnds, 
la  puiaaance  prolevee  eat  aaaez  import ante,  compte  tenu  des  exigences hydrauliquea  imposees 
par  lea  commandos  de  vol  et  dea  besoins  electriques  pour  alimenter,  en  particulier,  le  ayateme 
d'anoea. 

Le  fait  de  prelever  une  charge  mecanique  a  lea  consequences  auivantea  sur  le  fonctionnement 
d'un  reacteur  s 

-  perte  de  performances  ou  diminution  dea  marges  de  temperature  turbine  auivant  le  mode  de 
regulation, 

•  Cet  effet  eat  generalement  aaaez  faible. 

-  paa  d* effet  sensible  aur  lea  limites  de  decrochage. 

-  diminution  dea  marges  au  blocage.  Cet  effet  resulte  du  relevement  de  la  ligne  de  fonc¬ 
tionnement  du  compreaaeur  HP  (planche  7). 

La  determination  dea  limitea  du  moteur  LARZAC  en  matiere  de  pilotabilite  et  de  blocage 
a  ete  faite  en  realisant  la  charge  prelevee  maximale  possible  en  utilisation  (montage  de 
1  * alternateur  de  degivrage  asaocie  a  un  banc  de  charge  electrique). 

5  -  ALIMENTATION  EN  CARBURANT 

Le  ayateme  de  carburant  d'un  avion  et ,  en  particulier.  lea  pompea  de  gavage,  eat  congu 
de  fa^on  a  assurer  une  alimentation  correcte  des  moteura  en  carburant. 

•  II  eat  exceptionnel  que  des  difficultea  aoient  rencontrees  au  niveau  dea  moteura  pour 
des  caa  normaux  de  fonctionnement  du  circuit  carburant  avion. 

Des  eaaaia,  par  temps  chaud  et  froid,  aont  generalement  inclus  dans  tout  programme  de 
developpement  (Kiruna  (Pinlande)  et  Marrakech  (Maroc)  pour  1 ' ALPHA JET ) .  Cea  eaaaia 
peuvent  faire  apparattre  dea  caracter ist iques  inacceptables  ou  g&nantes  de  fonct ionnement , 
necesaitant  dea  modifications.  Parfois,  il  auffit  d'adapter  lea  consignee  d 'utilisation. 

•  L'etude  du  fonctionnement  dea  moteura  en  caa  de  panne  aimulee  des  pompea  de  gavage  avion 
implique  dea  eaaaia  apecifiquea. 

Cea  eaaaia  ont  fait  apparattre,  sur  ALPHAJET,  dea  problemes  de  fonctionnement  dea  moteura 
a  haute  altitude  avec  carburant  TR4.  Une  modification  dea  miaea  a  l'air  libre  dea 
reservoirs  et  dea  modifications  dea  tuyauteriea  de  retour  carburant  moteur  aont  interve- 
nuea  pour  ameliorer  le  fonctionnement  dea  moteura  dans  cea  conditions. 


6  -  DEMARRAGE  DU  MOTEUR  DANS  DES  CONDITIONS  EXTREMES 

Des  eaaaia  de  dAmarrage  dans  dea  conditions  thermiques  extremes  et  en  altitude  aimulee 
aont  generalement  effectues  au  banc  d' altitude  afin  de  couvrir  lea  conditions  extremes  de 
demarrage  dea  moteura,  en  adaptant  eventual lement  lea  reglagea  pour  ameliorer  le  comportement • 
Lea  eaaaia  aur  avion,  par  ambiance  tr&s  chaude  et  trds  froide,  ainai  que  aur  des  terrains  en 
altitude  permettent  enauite  de  contrdler  la  validite  dea  consignee  de  demarrage  propoaAea. 


7  -  ALIMENTATION  ELECTRIQUE 

Sur  lea  moteura  modernes  dont  la  regulation  fait  de  plus  en  plus  appel  a  1 ' fclectronique , 
la  qualite  de  1 ' al imentat ion  electrique  dea  calculateurs  revAt  un  caractere  important.  II 
faut,  en  particulier,  que  : 

-  Lea  fourchettea  contractual lea  de  tension  et  de  frequence  d ' alimentation  aoient  reapect&ea, 

-  Lea  circuits  d ' alimentation  aoient  correctement  proteges  contra  lea  parasites, 

-  Lea  blindages  aient  une  bonne  continuity, 

afin  d'eviter  des  raises  en  panne  intempeat ivea  par  lea  circuits  d 'autosurveillance  dea  calcula¬ 
teurs. 

Le  fonctionnement  du  moteur  LARZAC  aur  1 'avion  ALPHAJET  a  toujoura  ete  aatiafaiaant  de  ce 
point  de  vue,  mais  il  a  ete  neceaaaire,  aur  d'autres  materials,  d' installer  dea  alimentations 
electriques  apecifiquea  pour  1 ' al imentat ion  du  calculateur  du  moteur. 


11-6 


8  -  CONDUITS  ET  SURVEILLANCE  DBS  MOTEURS 

L* integration  d«s  Boyem  de  conduite  et  de  contrdle  des  moteurs  dans  des  tableaux  de 
bord  toujours  trop  exigus  results  de  compromia  entre  des  exigences  contradictoires,  Les 
qualites  suivantes  sont  requises  s 

-  accessibility  des  commandos, 

-  bon  emplacement  des  instruments  et  alannes, 

-  qualites  correctes  de  vi sual i sat ion  des  parajaetres  de  conduite* 

x 

Une  attention  particuliere  doit  8i'v^accordee  aux  deux  aspects  suivants  s 
Contrflle  de  la  pousaee  au  decollage 

II  iraporte  que  le  pilote  puisse  facilement  contrfiler  que  la  poussee  demandee  est  effect!- 
vement  disponible.  En  ce  sens,  l'avionneur  et  le  motor iste  sont  amenes  a  travailler  de 
concert  pour  definir  le(s)  parametre(s)  de  conduite  le(s)  mieux  adapte(s)  pour  cette  fonction • 
Parfois,  cette  surveillance  est  synthetisee  sous  la  forme  d'un  voyant  unique* 


Manette  de  commande  de  puissance 

Son  positionnement  doit  §tre  correct  et  sa  cinematique  doit  presenter  des  caracteri stiques 
agreables  de  deplacement  et  d'effort* 


9  -  FRONTIERES  PI VERSES 

Le  reacteur  est  integre  dans  la  cellule  et  relie  aux  differents  systemes  de  1 1  avion  par 
un  certain  nombre  de  plans  frontieres  tels  que  : 

-  frontieres  mecaniques  -  suspension,  accessoires,  raccordement  de  1* entree  d'air,  tuyere 
froide,  prelevements  d'air  -  inverseur  (eventuellement)  -  commande  de  puissance* 

-  alimentation  en  carburant, 

-  frontieres  electriques, 

-  raccordements  hydrauliques  et  electriques  des  generateurs, 

-  systeme  de  demarrage, 

-  detection  incendie  -  circuit  d’extinction  (eventuellement), 

-  raccordement  des  purges,  drains  et  mises  a  l'air  libre* 

Tous  ces  aspects,  mineurs  de  prime  abord,  donnent  generaleraent  lieu  a  une  multitude  de 
petits  problemes  de  compatibility  necessitant  des  adaptations  au  cours  de  la  mise  au  point. 
En  effet,  il  est  bien  rare  que  les  previsions  soient  entierement  confirmees  en  matiere  : 

-  de  deformations  mecaniques, 

-  d’environneraent  thermique, 

-  de  niveau  de  pression, 

a  l'interieur  des  compartiraent s  dans  lesquels  sont  installes  les  reacteurs* 


10  -  ARMEMENT 

Il  s'agit  la  d'un  vaste  sujet  que  nous  ne  ferons  qu'evoquer  puisque  les  essais  de  compa¬ 
tibility  moteur-systeme  d'armes  ne  sont  pas  realises  par  le  motoriste.  Les  gaz  chauds  emis 
au  moment  d'un  tir  (tir  canon  ou  tir  d'un  engin)  peuvent  entratner  le  decrochage  du  moteur  si 
le  sillage  est  absorbe  par  1 'entree  d'air* 

En  fonction  des  problemes  rencontres,  on  est  done  conduit  a  prevoir  des  dispositifs  de  deta- 
rage  automatique  des  moteurs  pendant  la  phase  critique. 

Un  moyen  simple  souvent  utilise  consiste  a  ouvrir  temporairement  un  (ou  plusieurs)  electroro- 
binet(s)  appauvri sseur ( s)  monte(s)  sur  le  circuit  d'injection  de  carburant.  Des  modifications 
interessant  1 'avion  sont  egalement  possibles  (emplacement  des  engins,  optimisation  des 
sequences  de  tir,  mise  en  place  de  freins  de  bouche**.)*  Dans  ce  domaine,  l’empirisme  consti- 
tue  la  regie  et  chaque  cas  se  traite  de  fa^on  particuliere. 
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11  -  APTITUDE  A  LA  MAINTENANCE 

Nous  ne  voudrions  pas  clore  1 'analyse  des  cas  habituels  de  conflits  de  compatibilite 
sans  parler  de  l'aspect  de  1 ' accessibil ite  du  moteur  pour  les  operations  de  contr8le  routi- 
nieres,  qui  rentrent  dans  le  cadre  de  "1 ' aptitude  a  la  maintenance" • 

Lorsque  pour  des  raisons  de  simplicity  et  de  legerete  de  structure,  les  moteurs  sont  inte- 
gres  dans  le  fuselage,  une  attention  particuliere  doit  fitre  accordee  a  1  * accessibilite.  En 
ce  sens,  il  y  a  lieu  de  prevoir,  et  eventuel lement  d'adapter,  des  trappes  de  visite  permettant 
d'acceder  commodement  aux  diverses  frontieres,  aux  regulateurs,  aux  prises  test  des 
calcul ateurs ,  au  reservoir  d'huile  ou  a  son  remplissage  a  distance,  aux  filtres  et  bouchons 
magnetiques  et  a  des  acces  de  contrfile  endoscopique  du  moteur. 

Tout  l'habillage  des  moteurs  et  des  nacelles  doit  faire  l'objet  d'un  souci  constant  en  ce 
sens,  pendant  le  developpement  du  materiel. 

L 1 impl antat ion  des  moteurs  retenue  sur  1 1  ALPHA JET  (en  nacelles  accolees  au  fuselage)  permet 
une  tres  bonne  accessibilite  et  des  temps  de  depose  et  de  montage  des  moteurs  remarquab lement 
courts. 


CONCLUSIONS 

Au  terrae  de  cet  expose,  nous  voulons  essentiel lement  revenir  sur  la  necessite  de  prendre  en 
compte  les  aspects  d'adaptation  et  de  compatibilite  du  moteur  et  de  la  cellule  a  tous  les  stades 
de  l'etude  et  des  essais. 

Du  succes  de  ce  travail  de  cooperation  etroite  entre  1 'avionneur  et  le  motoriste  depend,  en 
grande  partie,  le  succes  final  de  la  realisation. 


S0MMA1RE  DES  PLANCHES 


Planche  1 
Planche  2 
Planche  3 
Planche  4 
Planche  5 
Planche  6 
Planche  7 


-  L» avion  ALPHA JET 

-  Coupe  du  moteur  LARZAC 

-  Les  principales  phases  d'essais  du  moteur  LARZAC 

-  Domaine  d 'utilisation 

-  Gradients  de  poussee 

-  Effet  des  pre leveraent s  d'air 

-  Effet  du  preleveraent  de  puissance 


riMCNf  N  1 


(•if  /  rond  i 


TURBOREACTEUR  DOUBLE  CORPS  DOUBLE  FLUX  LAP. 7- AC  04 


CARACTERISTJOUES  PHYSIQUES 

DiamStre  a  la  bride  d‘ entree 
TuySre  dejection 

451,6  mm 

Flux  chaud  : 

-  Section  de  sortie  556  cm2 

Flux  froid  : 

-  Section  de  sortie  365  cm2 

Longueur  totale  sans  tuyere 

-  1  320  mm 

Longueur  hors  tout 

-  2165  mm 

Masse  GTR  avec  fiquipement 

-  317  kg 

La  masse  s'entend  sans  huile 

ni  carburant  dans  les  circuits 

Compresseur  BP 

axial  2  Stages 

Compresseur  HP 

axial  4  Stages 

Chambre  de  combustion 

annulaire 

Turbine  HP  (aubes  refroidies) 

axiale  1  Stage 

Turbine  BP  (aubes  a  talon) 

axiale  1  Stage 

Regulation  de  carburant 

hydromScanique  et  Slectronique 

Demurrage 

61ectrique 

I.ubrif  ication 

autonome  sous  pression 

All umage 

2  bougies  HT 

I.es  accessoires  du  moteur  sont  install&s  sur  une  bolte  situde 

a  la  partie  infOrieure  avant 

du  moteur  et  sont  entralnSs  par 

un  ensemble  mfecanique  116  au 

rotor  HP. 

Conteneur  :  Longeur  - 

i _ 

-  Hauteur  -  -  Masse  - 

_ 1 

PLANCHE  N  2 


Essais  moteura  sur  ALPHAJET 


537  h 
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SFFKT  D'UN  PRELSVEHENT  DE  PUISSANCE  M1CAWIQUK 
EUR  LA  LIGNE  DE  FONCTIONNEHEWT  DU  HOTEUR  LARZAC 
(ESSA1S  AYEC  BANC  DE  CHARGE  ELECTRIQUE) 


Conditions 
de  vol 


Regime  du 
moteur 


Charge  electrique 
prelevee 


Relevwent  de  la 
ligne  de  fonctionneaent 


Sol 

Ralenti 

6  KV 

7,3  % 

Plein  Gaz 

II 

2  % 

30000  f t/160  kt 

Ralenti 

II 

5,3  % 

Plein  Gaz 

II 

2  % 

(debit  de  carburant  reduit) 


REMARQUE 

L'effet  constate  au  ralenti  eat  moins  important  a  30000  ft  qu'au  sol,  a  cause  de 
1 'augmentation  du  regime  N2  de  ralenti  (75%  au  lieu  de  53  %) 
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FUEL  SYSTEM  TESTING  AND  TEST  INSTRUMENTATION 
by  Renato  AIMO 
New  Project  System  Design 
AERITALIA  -  Combat  Aircraft  Group 
Corso  Marche  41,  10146  Torino 
I  taly 


1.  FUEL  SYSTEM  TESTING  OF  HIGH  PERFORMANCE  AIRCRAFT 

-  Fuel  system  design  requirements  for  high  performance  aircraft  involve  critical  items  such  as  time 
and  cost,  due  to  the  necessity  that  complete  assurance  of  satisfactory  operation  is  a  must  long  before  the 
prototype  is  ready  to  fly. 

-  Should  the  high  safety  or  the  high  performance  factors  be  the  requirements,  the  quality  is  a  fact 
proven  by  actual  test  of  the  system  and  all  its  components  under  simulated  conditions  tougher  than  any¬ 
thing  likely  to  be  experienced  even  during  the  subsequent  flight  test  program. 

-  There  was  time  not  long  ago,  when  fuel  system  design  involved  engines  of  low  specific  fuel  consum£ 
tion,  moderate  rate  of  climb,  and  no  aerodynamic  fuel  heating  problems. 

-  A  well  tried  analytic  approach  could  be  applied  to  such  a  design  with  considerable  confidence.  Test 
stands  were  then  mostly  limited  to  static  ground  tests,  with  often  only  a  portion  of  the  system  being  eva¬ 
luated.  Such  stands  together  with  ground  and  flight  testing  of  the  completed  prototype  were  adequate  to 
demonstrate  the  proposed  system  capability  to  fulfil  the  requirements. 

-  The  past  years  have  changed  the  picture  quite  drastically.  The  use  of  the  turbine  type  engine  hu« 
brought  greatly  increased  fuel  flows,  rates  of  climb,  and  pre-heating  of  the  fuel  both  through  aerodyna¬ 
mic  heating  and  by  the  use  of  the  fuel  as  a  heat  sink.  In  addition,  the  use  of  different  fuels  has  made  the 
prediction  of  system  and  components  functioning  more  difficult.  In  an  accelerated  program,  production 
aircraft  are  often  built  concurrent  with  prototype  testing.  In  this  case,  the  penalty  for  wrong  estimates 
in  basic  system  design  can  involve  expensive  production  retrofit  of  grounding  of  aircraft  if  flight  safety 
is  involved. 

-  Since  the  beginning  of  the  TORNADO  Project,  AERITALIA  has  been  tasked  to  study  and  develop 
a  full  scale  Fuel  System  Test  Rig. 

-  The  necessity  for  a  large  project  as  full  scale  fuel  system  testing,  can  be  summed  up  as  reliability 
assurance  and  safety  of  the  aircraft. 

-  As  far  as  possible,  all  aspects  of  fuel  system  management  on  board  the  aeroplane  have  been  proved 
on  the  ground  and  broad  tested  to  give  reasonable  assurance  of  satisfactory  design,  as  earlv  as  possible 
before  first  flight. 

-  The  fuel  test  rig  results  have  been  compared  with  both  theoretical  calculations,  and  flight  test  re¬ 
sults. 

-  It  has  been  proved  that  a  full  scale  fuel  rig  has  reduced  to  a  minimum  the  time  required  to  clear  the 
aircraft  first  flight. 

-  All  modifications  introduced  on  preproduction  as  well  as  on  production  aircraft  have  been  fully  te¬ 
sted  and  the  results  were  as  predicted.  Furthermore  tests  were  performed  to  back  up  flight  test  results. 

-  The  work  carried  out  on  one  of  the  most  sophisticated  fuel  system  has  fully  demonstrated  the  neces¬ 
sity  and  importance  to  manufacture  a  full  scale  fuel  system  rig  and  the  need  for  a  complete  integration  of 
the  work  of  Technical  Department,  Test  House  Dept.,  and  Flight  Test  Dept. 

-  Particular  attention  has  been  given  to  the  test  data  acquisition  system  with  the  purpose  to  display 
visually,  to  record  and  to  log  fuel  test  results  such  as  pressures,  flows  temperatures,  angular  move  - 
ments.  currents  and  voltages  under  static  and  transient  conditions.  The  above  is  in  addition  to  the  stan¬ 
dard  aircraft  fuel  pressure  fuel  flow  and  fuel  quantity  gauging  system. 

-  On  studying  and  Analyzing  this  test  data  acquisition  line,  efforts  have  been  made  to  adopt  latest  tech 
nologies  with  capable  and  high  value  test  equipment  in  order  to  obtain  reliable  fuel  rig  results. 

-  Specific  flight  tests  have  been  carried  out  on  the  Tornado  aircraft  during  hot  weather  trials  to  eva¬ 
luate  the  heat  rejection  from  the  engine  into  the  fuel  used  as  a  heat  sink. 

-  Parameters  such  as  flows,  pressures  and  temperatures  of  lube  oil  and  fuel  were  measured  at  the 
fuel  cooled  oil  cooler  inlets  and  outlets  as  well  as  in  the  fuel  recirculation  line,  and  compared  with  both 
theoretical  calculation  and  rig  testing. 

The  analysis  has  demonstrated  a  good  correlation  between  the  results  obtained  in  flight  and  the  results 
obtained  on  the  fuel  test  rig. 

-  Furthermore,  the  fuel  test  rig  has  been  used  to  back-up  and  solve  malfunctions  encountered  in 
flight  and  to  explore  the  real  limits  of  the  fuel  system  outside  the  flight  envelope. 

It  is  AIT  opinion  that  the  full  scale  fuel  test  rig  used,  has  satisfactorily  fulfilled  its  ta9k. 

-  In  terms  of  time  and  experience  gained  checking  out  a  new  system  can  mean  real  money  saving. 

-  Initial  flight  safety  is  ensured. 

-  Component  failure  may  be  checked  by  simulation  in  a  manner  not  possible  in  the  actual  aircraft. 

-  Complete  system  reliability  is  verified. 

-  A  basis  is  established  for  future  design  changes. 

-  System  "Margin  of  Safety"  is  finalised  by  establishing  maximum  limits  of  performance  which  would 
not  be  feasible  in  flight. 

-  Preliminary  calculations  could  be  verified. 
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WhllsS  the  fuel  test  stand  is  not  the  answer  to  all  the  problems  of  fuel  system  design,  it  is  certainly  a 
good  instrument  for  finding  those  answers. 

-  In  the  next  pages  the  following  will  be  briefly  examined: 

-  the  fuel  system  under  investigation 

-  the  test  house  capabilities 

-  the  slave  system 

-  the  test  house  instrumentation 

-  the  flight  test  department  instrumentation 

-  brief  analysis  of  tests  carried  out. 

2.  FUEL  SYSTEM  SCHEME 
2.  1  Fuel  System  Description 

The  fuel  system  as  shown  in  (fig.  1)  has  been  designed  to  meet  the  performance  and  requirements 
of  a  Stol  aircraft  designated  TORNADO. 

The  system  consists  basically  of  a  number  of  fuel  tanks,  (fig.'2)  an  engine  feed  system,  a  transfer 
system,  a  refuelling/defuelling  and  dumping  system,  a  vent  and  pressurization  system,  a  cooling  system, 
gauging  and  flow  metering  system. 

Under  normal  operating  conditions  no  action  is  needed  by  the  pilot  to  sequence  the  fuel  usage  out 
of  the  various  internal  or  external  fuel  tanks.  Once  the  engines  are  started  and  the  aircraft  is  ready  for 
take-off  the  internal  and  external  fuel  of  the  aircraft  is  transferred  and  pumped  to  the  engines  automati¬ 
cally. 

Normal  center  of  gravity  control  is  maintained  by  feeding  the  engines  separately  from  the  two  main 
fuselage  tank  groups.  Should  there  be  a  need,  it  is  possible  to  adjust  the  centre  of  gravity  by  manual  o- 
pe  ration. 

2. 2  Engines 

Each  engine  is  normally  fed  from  its  own  main  tank  group  oy  double  ended  AC  motor  driven  boost 
pumps.  These  pumps  are  installed  in  collector  boxes. 

Two  parallel  switched  boost  pumps  are  provided  to  supply  one  engine  in  normal  cases.  In  the  event 
of  one  boost  pump  failing  the  remaining  pump  is  capable  of  delivering  the  maximum  reheat  flow  at  sea  le¬ 
vel  standard  conditions  (i.  e.  Take-off). 

Therefore  one  boostpump  or  two  boost  pumps  inoperative  will  not  affect  the  aircraft  safety. 

A  cross-feed  valve  between  the  engine  feed  lines  will  be  opened  automatically  when  the  fuel  low  le¬ 
vel  signal  is  activated. 

The  pilot  has  the  capability  to  override  the  low  level  signal  to  the  cross-feed  valve.  With  the 
cross-feed  valve  open,  both  engines  will  be  supplied  from  both  tanks  simultaneously,  or,  in  the  case  of 
complete  fuel  loss  of  one  main  tank,  both  engines  will  be  fed  from  the  remaining  tank  or,  in  the  case  of 
single  engine  failure,  one  engine  from  both  main  tanks. 

Check  valves  in  the  engine  feed  lines  prevent  reverse  flow  from  the  cross-feed  manifold  and  possi¬ 
ble  loss  of  fuel  through  a  severed  engine  feed  line  in  a  battle  damage  tank. 

The  engine  feed  lines  are  isolated  from  the  engine  bay  by  electrically  operated  fire  wall  shut-off 
valves. 

2.  3  System  cooling 

The  peculiarity  of  the  system  described  is  that  the  fuel  is  used  as  heat  sink  to  cool  the  aircraft  sy¬ 
stem  and  this  was  one  of  the  major  tasks  we  had  to  face. 

The  cooling  system  is  required  to  cool  the  aircraft  system,  i.e.  hydraulic  oil,  the  gear  box,  CSD 
(Constant  Speed  Drive)  and  APU  (Auxiliary  Power  Unit)  oil  and  engine  oils  during  flight  and  ground  op  era 
tion  of  the  aircraft. 

There  is  one  cooling  system  per  engine  feed  system.  Fuel  has  been  used  to  maintain  the  oils  at  ac¬ 
ceptable  temperatures. 

The  aircraft  system  is  cooled  by  an  integrated  heat  exchanger.  The  heat  exchanger  is  designed 
such  that  the  hydraulic  oil  and  gearbox  oil  are  completely  separated. 

Under  condition  of  low  engine  fuel  consumption  the  fuel  flow  is  insufficient  to  dissipate  the  heat  in¬ 
put  of  the  system  without  exceeding  the  acceptable  engine  inlet  temperature. 

Fuel  flow  through  the  engine  feed  systems  is  increased  by  opening  a  recirculation  valve  which  al¬ 
lows  fuel  to  return  to  the  tanks  from  a  tapping  downstream  of  the  engine  oil  cooler.  This  recirculated 
fuel  is  cooled  before  returning  to  tanks  by  a  ram  air  heat  exchanger. 

For  cases  with  still  relative  hot  fuel  temperature  of  the  heat  exhangcr  outlet  a  fuel  jet  pump  is  provi 
ded  to  mix  the  recirculating  fuel  with  tank  fuel  before  the  fuel  enters  the  tank. 

The  system  is  shown  diagrammaticallv  on  fig,  3. 

2. 4  System  Function 

The  maximum  acceptable  temperature  of  the  fuel  at  the  engine  HP  fuel  pump  outlet  is  150'C.  This 
temperature  has  been  taken  as  the  design  criteria  for  the  fuel  cooling  system. 

To  maintain  the  fuel  temperature  at  the  HP  fuel  pump  outlet  a  recirculation  system  is  required.  This 
recirculation  is  taken  from  the  HP  pump  spill  flow  and  controlled  by  a  temperature  controlled  fuel  recircu 
lation  valve.  In  order  to  prevent  the  allowable  fuel  tank  temperature  to  be  exceeded  an  air  cooled  fuel 
cooler  and  a  fuel  jet  pump  are  installed  in  the  recirculation  line. 
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The  fuel  outlet  temperature  of  the  tank  has  been  controlled  by  telemetry  during  flight  testing. 

A  second  recirculation  line  comes  from  the  reheat  control  system  back  into  the  main  feed  line  up¬ 
stream  of  backing  pump. 

This  flow  is  a  reheat  servo  flow,  using  the  boost  pump  delivery  pressure  as  back  pressure  for  the 
control  unit  and  is  primary  a  cooling  flow  of  the  vapour  core  pump  sealing  and  actuators. 

2.  5  Ground  Operation 

During  stand-by  the  APU,  the  starboard  gearbox,  part  loaded  generator  and  unloaded  hydraulic 
pump  are  running.  The  APU  fuel  consumption  is  too  low  to  cool  the  aircraft  systems  by  rejecting  the  heat 
into  the  consumed  fuel  and  a  recirculation  system  is  therefore  employed. 

Tank  fuel  will  therefore  be  heated  and  the  stand-by  time  limited  by  the  maximum  tank  temperature. 

The  recirculation  change  over  valve  is  in  this  case  in  ground  operation  position.  The  required 
cooling  fuel  flow  will  flow  through  the  open  connection  between  main  and  recirculation  line.  An  air  ejec¬ 
tor  driven  from  APU  bleed  air  is  provided  to  suck  cooling  air  through  the  air  cooled  fuel  cooler  to  cool 
the  recirculation  fuel  and  therefore  increase  stand-by  time. 

2.  6  Tank  Temperature  Increase  During  Stand-by  and  Flight 

An  example  of  tank  temperature  increase  during  stand-by  and  flights  is  shown  in  fig.  4.  For  a  stand 
by  case  of  4  hours  the  ambient  fuel  temperature  at  the  beginning  shall  not  exceed  29*  C  so  that  the  fuel 
temperature  inside  the  tanks  after  alert  time  will  stay  below  50°C. 

The  flight  case  shown  is  one  of  the  design  case  for  the  air  cooled  fuel  cooler.  For  take-off  and 
climb  it  is  assumed  that  there  is  no  fuel  recirculation  to  the  tanks,  due  to  the  higher  fuel  consumption  of 
the  engines. 

Figure  5  show  the  temperature  distribution  of  the  fuel  system  during  stand-by. 

3.  FUEL  TEST  RIG  FACILITIES  DESCRIPTION 
3.  1  Fuel  Test  Rig  Building 

An  adequate  Test  House  has  been  provided  to  contain  the  fuel  test  rig,  its  instrumentation,  control 
and  power  supplies  and  to  accomodate  its  attendant  staff. 

The  test  room  30  x  30  mt.  with  a  useful  height  of  18  mt.  is  equipped  with  the  movable  platform  car¬ 
rying  the  fuel  rig  dummy  structure.  The  test  room  is  provided  with  a  5  tons  crane,  driven  from  the 
ground,  capable  of  servicing  all  the  900  SQ.  MT.  of  the  testing  area. 

The  floor  centre  part  of  the  test  room  is  provided  with  rails  buried  into  reinforced  concrete, 
which  allow  the  fixing  of  the  two  stout  stanchions  of  the  rig. 

The  test  area  is  provided  with  adequate  network  of  underground  passages  to  allow  collection  and 
conveying  by  gravity  liquids  to  a  suitable  external  tank  (leakage  or  pooring  of  fuel,  etc.). 

With  the  purpose  to  avoid  fuel  vapours  remaining  inside  the  test  house,  a  thermoventilation  plant 
is  provided,  this  installation  allows  4  complete  air  changes  per  hour  and  maintains  a  constant  small  over¬ 
pressure  towards  the  building  external  pressure, 

A  fire  extinguishing  system  is  provided  in  the  test  room  which  could  be  manually  operated  or  automa 
tically  ignitiated  through  vapour  concentration  sensors  placed  in  differents  appropriate  positions. 

In  the  main  building  under-ground  rooms  (30  x  10  mt)  are  installed  the  central  heating  and  control - 
room-air-conditioning  systems  the  electrical  main  power  transformer;  the  electric  motors  and  genera¬ 
tors  driving  the  first  stage  pumps;  the  hydraulic  power  generation  for  the  rig  movements;  and  the  emer¬ 
gency  electric  power  generator  capable  to  ensure  essential  services  in  emergency  or  black-out  case. 

The  control  room  is  placed  at  a  higher  level  than  the  test  room  with  the  purpose  to  have  a  complete 
view  of  the  test  rig  and  its  associated  equipments  through  large  window  panels. 

The  control-room  is  air  conditioned  and  noise  protected,  it  contains  the  control  panel, the  failure 
simulation  panel,  the  data  processing  and  recording  devices  with  the  relevant  interface  components. 

Figure  6  gives  an  indication  of  the  test  house  dimension. 

3.  2  Test  Rig  Structure 

It  can  be  seen  from  fig.  7  that  the  tost  rig  structure  consists  of  two  stout  stanchions  where,  by 
means  of  two  oscillating  roller  bearings, rests  an  horizontal  beam  having  two  cranks  at  its  ends. 

In  the  middle  of  the  horizontal  beam  is  positioned  the  rotating  platform.  The  movement  in  the  hori¬ 
zontal  and  vertical  plane  or  anv  combination  of  both,  allows  the  positioning  of  the  aircraft  dummy  struc¬ 
ture  in  any  required  position  in  pitch  and  roll,  including  inverted  flight. 

The  peed  rotation  in  the  roll  axis  permits  to  reach  the  inverted  flight  attitude  from  level  attitude 
in  30  seconds. 

The  test  rig  movements  are  obtained  bv  means  of  hydraulic  system  and  reduction  gear. 

3.  3  Aircraft  Dummy  Structure 

Every  effort  has  been  made  to  simulate  the  shape,  the  relative  position  of  each  accessory,  the  pi¬ 
pe  routing  and  the  aircraft  fuel  tanks  internal  bays. 

All  components  and  pipes  are  the  same  as  the  ones  of  actual  aircraft.  )  he  complete  fuel  system  with 
both  wings  external  tanks  (under  wing  and  under  fuselage),  vent  and  dump  line  routing,  engine  feed  and 
in  flight  refuelling  lines  are  provided. 

The  dummy  structure  is  composed  of  a  welded  steel  supporting  structure  reproducing  the  centre  fu¬ 
selage  and  the  fin;  the  wings  are  made  of  light  alloys  components  machined  and  assembled  in  the  same 


way  as  for  prototypes. 

The  wings  are  connected  to  the  wing  centre-box  through  a  pivot  allowing  the  wing  positioning  at 
any  required  sweep  angle. 

The  connection  of  the  dummy  structure  to  the  movable  platform  is  obtained  through  an  adapter. 
Fig.  8  shows  the  dummy  installed  on  the  adapter. 


4.  SLAVE  SYSTEM  DESCRIPTION 
4.  1  Fuel  System 

Low  and  medium  pressure  fuel  subsystem  of  the  complete  fuel  system  of  the  aircraft  up-to  engine 
inlets  are  practically  identical  to  the  aircraft  actual  ones. 

All  components,  pipes  routing  and  different  equipments  are  the  original  ones  and  are  installed  as 
they  are  on  the  aircraft. 

The  simulation  of  the  engine  fuel  consumption  is  obtained  on  the  fuel  test  rig  through  a  slave  sy¬ 
stem  which  will  be  described  here  after. 

4.  2  Engine  fuel  consumption  simulation 

The  engines  fuel  consumption  modulation  is  obtained  by  means  of  special  servo- valves  installed 
along  the  engines  feeding  lines. 

A  servo  closed  loop  in  each  servo-valve  incorporating  a  flowmeter  gives  automatically  the  requi¬ 
red  connection  to  maintain  the  fuel  flow  at  the  desired  value. 

Monitoring  and  flow  control  is  done  in  the  Control- Room. 

4.  3  First  stage  pump  driving  system 

Three  machines  axially  coupled  on  a  unic  steel  supporting  frame  (one  squirrel  cage  three  phase  asin 
cron  electrical  motor  and  two  3  phase  syncron  brushless  generators)  supply  the  power  for  the  d.c.  mo¬ 
tors  of  two  conversion  groups. 

Each  of  these  groups,  made  of  two  axially  coupled  machines  comprises  a  d.c.  motor  with  separa¬ 
ted  excitation,  complete  of  counter  dynamo,  and  a  three  phase  syncron  generator  to  supply  the  First 
Stage  Pump  driving  motors. 

Each  of  these  motors  absorbs  a  maximum  power  of  15  Kw,  with  a  peak  torque  moment  of  6,  5  Nm  and 
are  able  to  accelerate  from  6000  RPM  to  14000  RPM  in  5  seconds. 

The  variation  of  the  angular  speed  of  the  driving  motor  is  obtained  by  means  of  a  lever  placed  on 
a  pane!  in  the  Control  Room  close  to  the  Engine  RPM  indicator, 

4. 4  Heating  &  cooling  simulation  on  the  dummy 

The  simulation  of  the  heat  load  on  the  engines  fuel  feeding  lines  is  obtained  feeding  the  actual  air¬ 
craft  fuel  cooled  oil  cooler  with  hot  oil,  which  will  transfer  into  the  fuel  the  required  heat  loads. 

The  simulated  engines  heat  loads  in  the  recirculation  and  servo-reheat  lines  is  obtained  via  two 
special  designed  heat  exchangers. 

The  temperature  of  the  oil  reeding  the  above  heat  exchangers  is  automatically  regulated  as  a  func¬ 
tion  of  the  fuel  temperature  at  the  heat  exchanger  outlets,  in  order  to  guarantee  within  narrow  toleran¬ 
ces  the  preselected  fuel  outlet  temperatures. 

The  block  diagrams  of  the  above  svstems  are  shown  in  fig.  9. 

The  air  cooled  fuel  cooler  is  activated  bv  an  ejector  which  simulates  the  cooling  effect  on  the  re¬ 
circulation  lines  both  on  ground  and  during  flight. 

The  air  flow  is  controlled  from  the  control  room. 

4.  5  Refuelling  and  Defuelling 

The  system  has  been  realized  with  the  purpose  to  simulate  refuelling  and  defuelling  of  the  aircraft 
as  well  as  fuel  retut  to  the  external  store  tanks.' 

The  refuelling  system  is  capable  to  refuel  the  aircraft  at  any  desired  flow  and  pressure  up  to 
380  KPa  (55  PS1G)  at  the  airplane  refuelling  connection.  Furthermore  one  of  the  external  store  tank  is 
capable  to  heat  the  fuel  up  to  60°C. 

In  a  fenced  protected  area  outside  the  test  house  two  cylindrical  fuel  tanks  are  placed  each  with 
a  fuel  capacity  of  22000  liters.  One  of  the  coibented  tanks  is  used  to  heat  the  fuel  up  to  60°C.  via  an  in¬ 
ternal  coil  heated  with  hot  water.  The  heating  system  is  provided  with  relevant  thermostats  hot  water 
shut-off  electrovalves,  temperature  probes -temperature  indicators  -  etc. 

The  system  is  capable  to  heat  the  fuel  by  means  of  a  double  heat  exchanger,  between  over-heated 
steam  and  water  in  a  first  stage  and  between  water  and  fuel  at  the  second  stage. 

The  driving  and  regulating  panels  of  the  heating  system  complete  with  all  relevant  control  and  sa¬ 
fety  instrumentation,  is  located  in  the  suitable  concrete  building  in  the  external  store  area. 

4.  6  Refuelling  line 

This  supply  line  is  provided  with  a  centrifugal  pump  (driven  bv  an  asvncron  three  phase  motor) 
having  a  max.  outlet  pressure  of  920  KPa,  (133  psi),  in  order  io  ensure  the  fuel  delivery  to  the  dummy; 
on  the  same  lino  a  Imsket  filter  and  a  microfilter  separator  foreseen  for  a  maximum  flow  of  2300  It  'min. 
(5<X)  G.  P.  M.  )  are  installed  in  series;  furthermore  a  flow  regulator  and  a  pressure  regulator  are  instal¬ 
led  which  allow  at  the  single  point  pressure  refuelling  connection,  values  between  70  KPa  and  380  KPa 

(15  »  55  P.  s.  i.). 
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Return  Line 

Two  interconnected  return  lines  are  provided  for  fuel  collection  connected  to  the  delivery  pipes, 
by  means  of  gate  valves,  which  allow  the  fuel  circulation  without  involving  the  aircraft  system.  On  the 
return  line  a  suction  pump  is  installed, driven  by  an  asyncron  motor  usually  controlled  by  suited  level 
sensor  duly  located  in  the  consumption  collection  tank  inside  the  Test  House.  In  emergency  case  it  is 
possible  to  control  such  a  motor  manually. 

4.  7  Engine  Consumption  Collection  Tank 

At  the  inside  of  the  Test  House  the  engine  simulated  fuel  consumed  is  collected  in  a  suitable  3000 
liters  capacity  tank  positioned  on  a  precision  balance,  thus  allowing  fuel  weighing  operations  each  time 
this  is  requested  for  test  purposes. 

In  this  tank,  level  sensors  are  positioned  controlling  automatically  the  engine  driving  the  suction 

pump. 

4.  8  Measuring  Group 

Inside  the  Test  House  a  junction  box  is  provided  between  the  mock-up  and  the  external  area,  where, 
near  the  deaerator  filter  group,  a  volumetric  flow  meter  and  a  totalizer  of  the  fuel  flow  are  positioned. 

In  the  same  zone  a  control  panel  is  installed  which  is  comprehensive  of  the  various  indicators  and  push 
buttons  for  pumps  starting  and  representing  a  partial  repetition  of  a  similar  panel  placed  outside 
building. 


5.  TEST  DATA  MEASUREMENT  CONCEPT 

The  Test  Data  Measurement  Concept  has  been  developed  on  the  basis  of  Test  Information  Sheets" 
for  ground  testing.  System  Specifications  and  direct  information  given  bv  the  system  engineers. 

The  types  and  number  of  parameters  to  be  measured  are  dictated  mainly  by  problem  areas  to  be  in¬ 
vestigated  and  bv  the  requirements  and  results  of  the  individual  tests. 

5.  1  Description  of  the  Test  Instrumentation 

The  most  important  requirements  of  the  test  instrumentation  are  the  following: 

-  all  the  functions  of  the  system  describing  signals  must  be  measured  and  recorded. 

-  The  instrumentation  equipment  must  not  influence  the  system  under  test. 

-  The  reliability  must  be  as  high  as  possible. 

-  Influence  of  the  environment  (temperature,  shock,  vibration,  noise,  etc.'!  on  the  signals  must  be 
negligible. 

-  An  easy  maintenance,  calibration  and  handling  of  the  whole  test  instrumentation  is  required. 

5.  2  Parameters  to  be  measured 

The  following  parameters  are  to  be  measured  during  each  test: 

-  Pressures 

-  Plows 

-  Temperatures. 

Their  positions,  the  maximum  value  to  be  measured  or  their  ranges  have  been  carefully  evaluated 
and  positioned  according  to  the  fuel  system  scheme  and  are  the  same  that  have  been  used  during  flight 
testing. 


5.  3  T  ransducers  Specification 
5.  3.  1  Pressures 


For  measuring  purposes  of  slowly  variable  pressures,  linear  variable  differential  transducers 
have  been  used,  providing  an  electrical  linear  output,  corresponding  to  the  applied  fluid  pressure. 

A  suitable  transformer  is  built-in  into  the  housing  of  the  transducer  with  the  purpose  to  allow 
transmission  of  the  output  signal  in  D.  C.  form,  which  is  indipendent  of  capacitance,  inductance  and  ca¬ 
ble  lenght. 

The  transducers  operating  characteristics  are  as  follows: 

Static  error  band  0,2%  E.  S. 

Excitation  supply  8  v.  RMS;  8,  5  KHz 

Analog  output  0-5  V  D.C. 

Ambient  temperature  10°  -  to  40'  C 

Temperature  range  of  fuel  up  -  to  200'  C 

Temperature  coefficient  0.003%  F.S. /'  C 

For  the  pressure  transient  measurement  requirements,  strain-gauge  transducers  are  used,  allow¬ 
ing  up-to  1000  Hz  frequenev  response. 


5.  3.  2  Flow 


Flowmeters  having  the  following  characteristics  have  been  used: 


Repeatability 

Accuracy 

Minimum  operating  pressure 
Operating  temperature  range 


Better  than  i  0,05% 

Better  than  t  0,  50%  reading  _ 
10  ♦  30  P.  S.  I.  (69  f  207  KN/ra  ) 
0'C  »  *200'C 
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Pressure  Drop  4  P.  S.  1.  (27.  6KN/m^) 

Response  time  Better  than  30  ms. 

Max  operating  pressure  3500  P.  S.  I. 

5.  3,  3  Temperatures 

Temperatures  have  been  measured  by  means  of  copper-constantan  thermo-couples,  having  an  error 
i  0,4%  reading. 

5. 4  Interface  concept  and  data  processing 

The  data  acquisition  and  interface  concept,  which  is  used  on  the  rig  consists  of  an  analog  circuit 
which,  through  a  programming  board,  is  connected  to  analog  recording  equipment  and  to  a  digital  circuit 
for  data  processing. 

All  the  pressure  and  flow  transducers  have  their  individual  meter  display.  The  system  is  designed 
in  such  a  way  that  a  rapid  exchange  of  channels  by  means  of  programming  board  is  possible. 

S  4.  1  Measurements  and  recordings 

The  output  signals  from  the  single  transducer  are  read  in  engineering  units  (pressure  in  P.  S.  I.  G.  , 
flows  in  LBS/HR,  temperature  in  °C)  on  pointer  instruments  and  are  recorded  both  by  means  of  ink  or 
U.  V.  recorders  and  by  means  of  a  data  logger  after  their  conversion  into  digital  form. 

The  use  of  the  ink-recorder  or  U.  V.  is  not  extended  to  all  parameters  or  all  interested  channels 
in  a  single  test. 

However,  a  programming  board  has  been  foreseen,  to  allow  a  complete  flexibility  both  on  the  chan¬ 
nel  choice  and  parameters  to  be  recorded  and  on  the  choice  of  the  type  of  analogic  recorder  (ink  or  U.  V. 
recorder). 

5. 4.  2  Pressure  and  flow  channels 

All  the  fuel  test  rigmeasurements, carried  out  bv  transducers,  are  arranged  in  such  a  wav  to  measu¬ 
re  accurately  high  pressure  transient,  low  working  pressure  and  flow. 

Each  transducer  is  separately  connected  to  its  own  supply,  calibration  and  display  unit. 

5. 4.  3  Signal  conditioners  and  indicating  instruments 

They  are  adequate  to  satisfy  the  requirements  of  compatibility,  sensibility,  stability,  and  respon¬ 
se  of  the  whole  channel  of  data  acquisition. 

Indicating  instruments  are  adjusted  into  engineering  units.  Their  reading  scale  is  circular  within  an 
arc  of  250°. 

5 4. 4  Analogic  recorder 

The  multichannel  recording  for  pressure  and  flow  measurements  is  guaranteed  by  the  following  in¬ 
struments: 

-  Ink-Recorder  type,  actual  time,  for  frequency  response  up-to  50  Hz 

-  U.  V.  Recorder,  immediate  self  developing  type,  for  frequency  response  up-to  1000  Hz. 

-  The  multichannel  point  recording,  which  is  limited  to  the  temperature  measurement  ,  writes  di¬ 
rectly  on  paper. 

5.  4.  5  Data  Logger 

The  data  logger  has  been  foreseen  for  digital  monitoring  and  recording  of  pressure,  flow  and  tem¬ 
perature  signals. 

The  data  logger  includes: 

-  Digital  indicator  to  visualize  all  the  test  parameters  in  engineering  units. 

-  Scanner  to  preselct  the  measuring  points  with  a  split  possibility. 

-  Ink  printing  on  paper. 

-  The  possibility  has  also  been  foreseen  of  printing  the  data,  running  time,  type  of  test  and  all 
other  elements  necessary  to  a  better  clarification,  by  means  of  a  key  board. 

5.  4 . 6  Results  presentation 

Upon  completion  of  each  test  a  report  including  the  description  of  the  test  carried-out,  of  the  rig 
and  of  the  instruments  used  is  issued  for  system  engineering  analysis  and  evaluation. 

The  data  acquisition  system  block  diagram  is  shown  in  fig.  10.  The  parameters  measured 

number  is  indicated  in  fig.  1  1  . 


6.  EUCHT  TEST  INSTRUMENTATION 
6.  1  Foreword 

The  evolution  of  instrumentation  system  from  the  I950's  to  the  present,  reflects  quite  a  big  amount 
of  radical  changes.  Instrumentation  system  designers  are  utilizing  tools  and  capabilities  not  imagined 
only  few  years  ago. 

Simultaneously  with  the  evolution  of  instrumentation  systems  a  computer  technology  evolved.  Ana¬ 
log  tape  recording  replaced  oscillographic  and  graphic  recording  using  the  pulse  duration  modulation 
(PDM)  encoding  technique  for  time  division  multiplexing  of  quasi-static  data  and  narrow  band  frequency 
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modulation  (NB-FM)  for  multiplexing  of  higher  frequency  data. 

Telemetry  supplemented  these  basic  recording  system  by  transmitting  data  via  FM  radio  links  modu 
lated  with  the  NB-FM  carrier  with  these  advances,  data  was  recorded  on  tape  which  could  be  edited, 
converted  to  digital  form,  and  recorded  in  a  computer. 

Within  the  last  years  hybric  systems  and  derivatives  of  frequency  multiplex  systems  have  become 
available;  however  the  primary  means  of  airborne  data  acquisition  continues  to  be  Pulse  Code  Modula¬ 
tion  (P.C.  M.)  and  FM  systems  for  telemetry  and  tape  recording. 

Increasing  use  of  airborne  mini-computers  now  permits  the  reduction  of  data  on  board  during  test¬ 
ing,  lessing  the  amount  of  data  recorded  or  telemetered,  and  making  possible  the  selection  data  for  istan 
taneous  display  to  the  test  crew. 

Data  processing  ground  stations  have  become  almost  fully  automated  and  offer  great  flexibility  in 
adapting  rapidly  to  changing  requirements. 

The  evolution  of  the  philosophy  of  testing  reflects  the  increasing  complexity  of  aircraft  and  the 
stringent  requirements  of  flight  testing. 

6.  2  Airborne  Flight  Test  Instrumentation  System 

With  the  purpose  to  use  a  centralized  data  acquisition  system  reducing  to  a  minimum  the  cable  num¬ 
bers  coming  from  the  transducers,  it  has  been  adopted  a  project  which  uses  standard  wiring  interface 
box  (S.  W.  1. 1  in  different  aircraft  zones. 

From  each  standard  interface  (S.  W.  I.  1  box  a  cable  loom  connects  the  transducers  to  the  signal 
conditioner  switching  and  amplification  boxes  (S.C.  S.  A.  B.  )  of  the  data  acquisition  system. 

The  total  number  of  cables  connecting  S.  W.  I.  to  the  data  acquisition  system  is  equivalent  to  the 
channels  total  capacity  of  the  system.  TheS.W.l.  are  installed  in  the  front  fuselage ,  in  the  cockpit ,  in 
the  centre  fuselage,  in  both  wings  right  and  left  and  in  the  rear  fuselage. 

All  'ransducers  are  wired  from  the  installation  point  to  the  nearest  S.W.l.  -  being  the  S.W.l.  pro¬ 
vided  with  5  poles  connectors,  the  transducers  required  for  a  specific  flight  test  phase  could  be  connec¬ 
ted  into  one  S.  W.  1.  channel  thus  allowing  the  possibilitv  of  pre-flight  programming. 

The  connecting  cable  from  transducer  to  S.  W.  I.  box  and  to  the  data  acquisition  system  is  a  4  po¬ 
les  shielded  and  twisted  cable. 

In  all  cases  in  which  signal  conditioningis  required  adequate  signal  conditioners  are  installed 
near  the  transducers. 

The  sampling  rates  of  the  individual  data  channels  can  be  programmed  in  binary  relations  as  fol  - 
lows:  1  -  2  -  4  -  8  -  16-32-84  -  128  -  256  sampling  per  second  (S.  P.  S.  )  the  word  lenght  is  10  bit 
plus  parity  and  the  system  capacity  is  normal lv  4096  words/second. 

For  pulse  code  modulation  (P.  C.  N..  )  and  to  provide  an  output  for  analog  recording  n°  6  S.C.  3.  A.  B. 
are  provided  on  the  aircraft.  Each  S.  C.  S.  A.  B.  contains  a  maximum  of  64  signal  conditioning  modules, 
necessary  amplifiers  and  analog  multiplexing. 

Each  S.C.S.A.  B.  is  connected  to  the  central  control  Unit.  Furthermore  from  each  S.C.  S.A.B. 
up  to  1 6  channels  could  be  derived  which  could  be  connected  through  a  programming  panel  to  the  analo¬ 
gic  recorder  system. 

Each  S.C.S.A.  B.  is  connected  to  n°  3  different  feeders,  one  feeds  the  conditionner .  one  sends 
the  registration  signal  to  the  transducer  connected  to  the  signal  conditioner  and  one  feeds  the  recording 
voltage  for  special  transducers. 

N'  3  different  tvpes  of  signal  conditioners  arc  provided  with  inlet  voltage  from  2  mV  full  scale  up 
to  40  V. 

It  is  possible  to  connect  internally  to  the  signal  conditioners  some  components  with  the  purpose  to 
complete  the  t ransducer  ci rcuit  (i .  e.  inlet  voltage  regulator)  furt hermore  the  possibilitv  to  connect  re- 
sistances  for  zero  as  well  as  sensibility  calibration  is  provided. 

Excitation  of  calibration  circuits  is  obtained  bv  means  of  a  S.C.  Si  A.  B.  calibration  box,  which 
could  he  installed  on  board  the  aircraft  or  used  as  ground  check  unit. 

The  C.C.  U.  of  the  P.C.  M.  system  uses  a  memory  unit  to  store  the  programme  and  supply  the  maxi 
mum  flexibilitv  for  data  "formatting".  It  checks  the  gain,  the  off-set,  and  sampling  of  the  S.C.  S.A.B. 
output  data,  conditions  and  samples  24  x  10  bit  parallel  inlet,  up-to  16  inlet  frequencies  and  4  inlet  pe¬ 
riod  measures. 

A  remote  control  unit  is  connected  to  the  central  control  unit  with  the  purpose  to  transmit  special 
data  such  a  flight  number  ,  date,  pilot  number  and  to  select  3  different  speed  of  the  central  control  unit 
and  start  to  discharge  the  memory  content  of  the  C.C.  U.  on  magnetic  tape. 

The  measure  unit  is  normally  programmed  bv  means  of  a  punched  paper  tape  or  bv  a  type  writer.  The 
same  type  writer  is  used  to  write  the  memory  content  having  the  purpose  of  check;  with  the  memory  unit 
the  sampling  speeds  are  programmed,  off-set  and  signal  conditioner  gain,  sampling  speed  at  the  period 
inlet,  pa  ra  I  lei  digital  input  and  P.C.M.  format. 

Analogic  signals  recording  with  frequency  up-to  2001 1 z  is  obtained  bv  a  constant  band  with  multiplex 
F.M.  system.  The  system  capacity  is  limited  to  21  channels,  20  of  which  are  used  for  data  and  one  has 
a  check  function. 

The  inlet  signal  comtitiomiing  to  the  multiplex  F.M.  signal  is  obtained  via  the  P.C.M.  system  si¬ 
gnal  conditionner. 

I  he  parameter  ecu  iiiviion  to  hem  duplex  F.  M.  system  is  obtained  via  the  S.C.  S.  A.  B.  output  ana¬ 
logic  signals  and  the  programming  panel. 

An  analogic  signal  selector  permit  programming  up-to  6  groups  of  21  analogic  signals  to  be  sent  to 
the  multiplex  F .  M.  system.  Group  selection  could  be  done  by  the  pilot  during  flight  tests. 


All  measures  obtained  on  board  of  the  aircraft  are  recorded  on  a  magnetic  tape  through  an  analo¬ 
gic  magnetic  tape  recorder. 

The  recorder  is  a  standard  1RIG  6  speed,  14  channels  able  to  record  the  following  information  on 
5  separated  path. 

-  1  -  P.C.M.  system  output  in  serial  form 

-  2  -  Multiplex  F.  M.  system  output 

-  3  -  I  RIG  A  &  B  coded  timing 

-  4  -  Crew  voice 

-  5  Control  signal 

The  remaining  9  path  are  utilized  to  record  whatever  high  frequency  measure  is  needed.  The  si¬ 
gnal  conditioning  is  obtained  similarly  to  the  multiplex  F.  M.  system  signals.  A  codified  time  generator 
used  to  syncronize  different  data  flow  is  a  part  of  the  data  acquisition  system.  The  generator  sends  an 
IRIG  A  or  B  coded  time  signal  for  magnetic  tape  recording  and  photographic  machines  syncronization. 
Pilot  signals  are  totalized  in  the  codified  time  information  to  be  recorded  on  the  P.C.M.  system. 

In  addition  to  the  data  acquisition  system  photographic  machines  are  used  to  film  external  carriage 
release,  cockpit  indicators,  etc. 

6.  3  Ground  Station 

The  Aeritalia  telemetry  ground  station  has  been  set  up  for  the  Tornado  in  flight  test  programme 
according  to  the  latest  in  flight  test  instrumentation  technology. 

Basically  it  consists  of: 

-  real  time  on  line  data  system 

Real  time  on  line  telemetry  data  acquisition  and  processing  systems  which  reduces  by  approximately 
one*  third  flight  test  time 

-  Data  systems 

The  airborne  data  acquisition  system  already  described  in  details  in  the  preceding  paragraph  compri¬ 
ses 

-  time  and  frequency  multiplexing  technique 

-  timing  system 
-data  recording 

-  telemetry  data  transmission 

-  Ground  station 

The  ground  telemetry  data  processing  station  comprises 

-  telemetry  tracking  and  receiving 

-  data  recording 

-  data  demodulation  and  docommutation 

-  calibration  and  data  processing 

-  control  room  display 

The  block  diagram  presented  in  the  lig.  12  indicates  the  flow  information  realized  in  AIT. 

7.  TORNADO  T  I:  STING  AND  THAT  INC  PHILOSOPHY 

One  of  the  Tornado  preproduction  aircrafts  carried  out  hot  weather  trials  in  summer  time  in  Sardi¬ 
nia  in  1978. 

Main  purposes  besides  others,  wore  the  environmental  system  testing  and  the  heat  rejection  measu 
remen t  s. 

A  satisfactory  evaluation  oi  the  flight  test  data  with  respect  to  the  heat  loads  is  only  possible  if 
there  are  stabilized  conditions  over  a  time  range  of  several  minutes  during  a  certain  flight  phase.  Tak¬ 
ing  this  point  in  consideration  some  flights  have  been  selected  for  the  analysis  among  others  because  of 
high  ambient  temperature  (take  off- landing). 

In  addition  to  flight  tests  an  alert  stand-by  has  also  been  examined  to  show  correlation  between  cal¬ 
culation,  Rig  teM  and  Flight  Test. 

The  purpose  of  this  comparison  is  to  update  the  heat  ejection  mathematical  model  in  order  to  be  able 
re  extrapolate  the  flight  and  ground  test  results  obtained  in  peculiar  environment  conditions,  to  the 
lull  range  of  the  flight  envelope  and  thereiore  to  evaluate  the  capability  of  the  fuel  system  to  fulfill  the 
fuel  temperature  limitation. 

t  he  components  of  the  airframe  and  of  the  engine  which  have  an  influence  on  the  performance  of  the 
fuel  oil  cooling  system  are  listed  below 

-  Boost  pump 

-  hirst  stage  pump 

-  Air  cooled  fuel  cooler  (A.G.  F.C.) 

-  hue  I  cooled  oil  cooler  (F.  C.  O.  G.  ) 

-  h'ngtne 

-  hngine  gear  pump 

-  Kngino  oil  cooler 

-  Recirciil»it ion  control  valve  (R.G,  V.  ) 

For  evaluation  purposes  the  herein  after  I  light  test  instrumentation  parameters  were  used 

-  Hvd.  oil  temperature,  h'.G.O.  C.  inlet 

-  ilvd.  oil  temperature,  h'.G.O.  G.  outlet 

-  S.  P.  S.  oil  temperature;  h’.G.O.  G.  inlet 

-  S.  P.  S.  oil  temperature,  F.G.O.G.  outlet 
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-  Engine  oil  temperature,  E.O.  C.  inlet 

-  Engine  oil  temperature,  E.O.C.  outlet 

-  Air  temperature  in  S.  P.  S.  bay 

-  Outside  air  temperature 

-  Fuel  temp.  B.  P.  outlet 

-  F  uel  temperature  F.  S.  P.  outlet  F.C.O.  C.  inlet 

-  Fuel  temperature  F.C.O.C.  outlet 

-  Fuel  temperature  E.O.C.  outlet 

-  Fuel  temperature  (Fuel  Control  Unit)  outlet 

-  Fuel  temperature  A.C.F.C.  inlet 

-  Fuel  temperature  A.C.F.C.  outlet 

-  Fuel  temperature,  reheat  servo  return  line 

-  Fuel  Mass  flow  engine  consumption 

-  Fuel  Mass  flow  recirculation  line  A.C.F.C.  inlet 

-  Fuel  Mass  flow  reheat  servo  return  lino 

-  Engine  rotor  speed  in  percent. 

To  perform  the  calculations  it  was  necessary  to  make  some  assumptions  concerning  data  not  yet 
measured  on  the  aircraft  i.  e.  : 

-  the  hydraulic  oil  flow  has  been  assumed  to  be  average  leakage  flow 

-  the  S.  P.  S.  lubrication  oil  flow  has  been  assumed  to  be  the  supplier  suggested  flow. 

Some  doubts  about  the  reliability  of  hydraulic  and  c  P.  S.  oil  flow  figures  appeared  and  it  was  dif¬ 
ficult  to  measure  the  hydraulic  oil  flow  on  the  aircraft,  and  worse  were  the  possibilities  to  measure  the 
S.  P.  S.  lubrication  oil  flow  because  of  aeration  of  the  oil. 

The  influence  of  these  errors  on  the  calculated  heat  loads,  for  the  hydraulic  system  is  small  spe¬ 
cially  during  stabilized  flight  conditions,  but  revealed  some  importance  for  the  secondary  power  system. 

Reasons  to  mention  the  above  are  to  indicate  the  difficulties  we  had  to  correlate  calculation  with 
testing. 

To  calculate  the  fuel  side  heat  rejection  of  the  E.O.C.  and  the  heat  load  of  the  gear  pump  engine, 
manufacturers  reports  were  used. 

A  constant  lube  oil  flow  was  assumed  to  evaluate  the  oil  side  E.O.C.  heat  load.  The  specific  heat 
of  the  engine  lube  oil  was  assumed  to  be  equal  to  that  of  the  S.  P.  S.  lube  oil. 

7.  1  Inaccuracy  of  the  Evaluation 

The  inaccuracy  of  measurements  with  thermocouples  is  about  *  2%  of  full  scale  deflection,  that  of 
flow  meters  is  about  -  1%. 

The  flight  test  data,  used  for  evaluation,  are  taken  from  the  telemetry  traces.  The  reading  of  these 
traces  is  inaccurate  by  less  than  *  l°o. 

The  measured  values  have  been  taken  from  points  of  traces  near  the  end  of  stabilized  flight  phase, 
where  they  can  be  well  read. 

Upon  completion  of  the  examination  of  the  results  of  the  calculation  with  the  data  obtained  from  te¬ 
sting  we  are  in  a  position  to  give  a  summary  of  the  results  of  the  above  analysis  considering  step  bv 
step  each  point  of  the  circuit, 

F.  S.  P.  The  heat  load  is  significant  below  the  expected  values,  based  on  test  rig  measurement. 

The  reason  for  this  is  unknown,  but  the  inaccuracy  of  temperature  measurements 
may  explain  the  difference. 

F.C.O.C.  The  heat  load  measurements  on  the  fuel/oil  side  shows  that  the  S.  P.  S.  oil  flow  must 
be  larger  than  the  one  assumed.  Moreover  also  the  S.  P.  S.  heat  load  is  larger  than 
predicted,  whereas  the  hydraulic  heat  loads  are  less  because  of  the  stabilized  flight 
phases  analized.  The  total  heat  load,  given  via  F.C.O.C.  into  fuel,  is  in  most  cases 
larger  than  calculated  data  (fig.  13-14-15-16). 

E.O.C,  A  comparison  of  the  engine  heat  load  measured  on  the  fuel  side  with  those  on  the  oil 

side  demonstrates  that  the  oil  flow  must  be  smaller  than  assumed  below  95°--  engine 
R.  P.  M.  and  larger  bevond  95%. 

Comparison  between  aircraft  flight  test  and  calculation  shows  that  actual  engine  heat 
rejection  is  larger  up  to  10  KW  at  engine  RPM  95%  and  in  agreement  at  engine 
speed  95o  RPM 

GEAR  PUMP  The  heat  load  of  the  gear  pump  is  less  in  general  by  about  30%  than  predicted, 
which  is  in  fact  confirmed  bv  rig  test  results  of  two  pumps  of  same  standard 
A.C.  F.C.  The  cooler  performance  data  during  flight  tests  are  better  uj>  to  3  Kw  for  aircraft 
speed  M  0,5  and  worse  up  to  2  Kw  M  0,  5. 

REHEAT  SERVO  RETURN  FLOW  I  his  flow  was  measured  the  first  time  on  the  aircraft.  The  va¬ 
lues  are  slightly  below  the  predicted  values 

S.  P.  S.  AIR  TEMPERATURE  It  was  found  to  be  a  linear  relationship  of  the  S.  P.  S.  bv  air 

temperature  and  the  flight  altitude  and  engine  speed:  the  higher  the  speed  and  the 
lower  the  altitude,  the  higher  the  temperature. 

In  conclusion,  the  tests  carried  out  both  on  the  fuel  test  rig  and  on  the  aircraft  during  hot  weather 
conditions  have  giv  en  the  possibility  to  introduce  the  necessary  modification  on  the  fuel  system  well  be¬ 
fore  the  first  production  aircraft  flight.  Back-up  tests  on  the  rig,  following  aircraft  fuel  system  malfunc¬ 
tion  in  flight  have  allowed  the  engineers  to  introduce  immediately  corrective  actions.  In  more  details: 


S.  P.  S. 
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-  Knowledges  concerning  engine,  gear  pump  and  reheat  servo  return  flow  gained  by  aircraft  test 
flights  have  shown  to  be  valid  for  production  standard  aircraft. 

-  Engine  heat  loads  data  have  been  changed  by  engine  manufacturer  based  on  aircraft  flight  expe¬ 
rience. 

-  Analysis  have  shown  a  good  agreement  between  aircraft  data  and  calculation  with  new  data. 

-  Aircraft  flights  have  shown  that  the  inputs  for  performance  calculations  have  to  be  changed,  to 
obtain  a  more  accurate  evaluation. 

-  Oil  mass  flow  in  S.P.  S.  and  engine,  used  for  calculation,  have  proven  to  be  unreliable,  as 
comparison  of  oil/fuel  side  measurements  have  shown. 

-  The  oil  flow  data  must  be  corrected  and  rig  work  concerning  oil  flows  and  heat  rejection  must  be 
investigated. 

-  The  above  statements  are  confirmed  by  computer  analysis,  the  computer  programme  is  able  to 
simulate  flight  mission  realistically.  The  assumed  time  constant,  to  calculate  oil  temperature 
changes  must  be  improved  to  fit  the  programme  inertia  to  reality. 

-  From  the  preceeding  documents  it  appears  that  the  philosophy  followed  by  Panavia  in  conducting 
the  fuel  system  project,  calculation  and  testing  has  given  a  valuable  methodology  which  could  be 
used  in  future  programs. 

-  The  iterative  processus  followed  i.e.  calculation,  ground  testing  and  flight  testing  has  demonstra 
ted  that  the  correlation  between  inputs  and  outputs  is  good  and  the  confidence  level  gained  shows 
that  the  mathematical  model  is  representative  of  the  actual  system  behaviour. 

-  The  instrumentation  used  both  for  ground  and  in  flight  testing  being  at  the  latest  state  of  the  art, 
has  remarkably  decreased  flight  test  costs  to  investigate  the  specific  system  behaviour  (same 
flight,  different  system  data  transmission  and  recording). 

-  The  effort  produced  by  Panavia  to  shorten  time  for  flight  tests  and  to  introduce  immediately  mods 
required  by  systems  to  obtain  the  best  from  them  has  proved  to  be  satisfactory  having  followed 
the  above  procedure. 
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Fig.  12  Flight  data  analysis:  Simplified  Mock  diagram 
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It  may  appear  that  landing  gear  has  changed  very  little  since  the  early  days  of 
aviation.  Other  than  a  similarity  in  appearance,  much  has  however.,  changed.  This 
paper  provides  a  fond  look  at  these  changes  and  provides  a  status  of  landing  gear 
technology. 

To  develop  perspective,  perhaps  one  can  begin  by  a  ground  air  ground  cycle  concept. 
Airplanes  undergo  taxi  (ground  roll  at  slow,  medium  to  high  speeds),  take  off  and  after 
the  mission  return  to  land. 

During  taxi,  tires  play  a  vital  role  in  supporting  aircraft  weight,  undergo  tremendous 
dynamic  load,  provide  steering  at  low  speeds,  assist  steering  at  medium  to  high  speeds, 
transmit  loads  to  runway  without  sinking  or  tearing  runways  and  without  getting 
destroyed  in  the  process,  and  provide  economic  life.  If  one  should  need  asymmetrical 
control,  brakes  come  in  handy. 

During  the  high  speed  taxi  or  before  take  off,  should  it  become  necessary  to  refuse 
take  off,  the  brakes  play  a  vital  role  in  stopping  the  aircraft.  Upon  return  to  ground 
the  brakes  again  play  a  major  role  in  stoping  the  airplane  safely  in  desired  distance. 

During  landing  again  tires  play  a  role  as  a  part  of  shock  absorption  system  and  brakes 
assist  braking  and  starting.  The  process  of  braking  involves  interaction  of  more  than 
tires,  wheels,  brakes  and  the  landing  gear  structure.  The  tires  would  normally  lock  up 
as  brakes  are  applied.  A  device  called  antiskid  was  developed  to  prevent  wheel  lockups. 

As  the  size  of  airplanes  grew,  the  number  of  tires,  brakes  and  the  design  of  bogies 
grew  more  and  more  complex.  Airport  runways  had  finite  length  6000  -  12000  feet, 

depending  on  traffic,  size  of  aircraft  etc. 

The  large  number  of  people  travelling  during  rain,  sunshine,  cloudy/windy,  snow  and 
other  weather  conditions  expected  a  safe  travel  so  the  braking  system  had  to  become 
much  more  efficient. 

The  shock  absorption  during 
during  ground  roll. 

All  these  features  had  to 
latter  aspect  is  important 
service . 

As  the  system  started  to  become  sophisticated,  some  problems  arose,  such  as  brake 
chatter/squeal,  landing  gear  walk,  truck  pitching  and  landing  gear  shimmy. 

This  paper  provides  a  status  of  development  for  some  of  the  hardware  components  and 
describes  the  system  evalution  and  addresses  the  problem  of  validating  expected 
performance.  The  matrix  chart  (Figure  1)  shows  a  relationship  between  functional 
landing  gear  sub-system  and  the  hardware  components  The  interaction  between 
components  and  functional  subsystem  will  be  discussed  during  subsystem  discussion. 

Other  subsystems  and  problems  discussed  include: 
o  Antiskid  system/automatic  brake  system 

o  Aircraft  steering  and  ground  handling 

o  Shock  absorption,  ride  comfort  and  rough  runway  operation 
o  Brake  squeal,  truck  pitch,  shimmy 

WHEELS  S  TIRES 

No  attempt  is  made  to  provide  detailed  discussion  on  wheels  or  tires  as  these 
components  find  considerable  discussion  in  popular  literature  and  supplier  proposals. 
The  following  comments  are  in  order  for  wheels. 

What  is  on  the  Horizon  for  Aircraft  Wheels 

Continued  heavy  dependence  on  forged  aluminum  wheels  is  foreseen.  Steel  wheels  are  no 
longer  given  serious  consideration,  and  titanium  wheels,  while  practicable,  are  still 
quite  expensive.  A  graph  of  cost  per  roll-mile  for  aluminum  and  titanium  wheels 
illustrates  the  advantage  of  aluminum  wheels  (Figure  2).  The  industry  can,  however, 
furnish  wheels  fabricated  of  titanium  if  the  operator  will  accept  the  higher  initial 


landing  had  to  be  smooth,  the  taxi  ride  also  had  to  be  good 

be  provided  at  minimal  cost,  weight  and  complexity.  The 
so  that  the  system  could  be  maintained  through  years  of 
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cost.  Most  of  the  premium  for  titanium  wheels  results  from  the  expense  for  the  forging 
itself.  Current  quotations  for  titanium,  closed-die  forgings  are  10  to  11  times  those 
of  forged  aluminum  material.  Another  problem  is  the  present  state-of-the  art  of 
titanium  forging  tolerances.  No  one  has  been  successful  in  producing  a  titanium 
aircraft  wheel  forging  with  the  precision  obtainable  from  an  aluminum  forging. 
Machining  of  all  surfaces  is  thus  required  to  control  weight  and  obtain  the  desired 
form. 

The  aircraft  tires  carry  out  many  functions  as  will  be  discussed  in  the  ensuing 
sections  of  this  paper.  The  tire  static  and  dynamic  properties  play  a  significant  role 
in  optimizing  landing  gear  system  performance.  Table  1  shows  some  of  the  tire 
properties.  No  suitable  source  exists  for  dynamic  properties  of  tires.  NASA-TR-64  is 
perhaps  the  best  available  source  for  static  properties  and  is  widely  used  by  landing 
gear  designers. 


BRAKES -CURRENT  STATE-OF-THE-ART 


Brake  Description 

The  conventional  high  performance  aircraft  brake  consists  of  multiple  friction  discs  of 
alternate  stationary  and  rotating  members.  The  rotating  elements  (rotors)  are  keyed 
loosely  to  the  wheel  to  allow  axial  movement.  The  stationary  elements  (stators)  are 
keyed  loosely  on  the  inside  diameter  to  a  fixed  stationary  member  and  also  are  free  to 
move'  axially.  Brake  lining  is  applied  to  either  the  rotating  or  non-rotating  members 
as  a  given  design  dictates  to  improve  the  frictional  characteristics.  Upon  brake 
application,  the  rotors  and  stators  are  forced  together,  causing  a  frictional  drag  that 
provides  a  retarding  force  to  wheel  rotation. 

Figure  3a  shows  an  exploded  view  of  a  typical  fighter  brake  assembly.  Item  1 
illustrates  a  rotor  of  the  segmented  type.  Figure  3b  illustrates  several  types  of 
rotor  configurations  used  in  current  aircraft.  The  rotors  constitute  a  large 
percentage  of  the  reservoir  capacity  for  the  storage  of  heat  generated  during  braking. 
The  heat  is  generated  at  a  very  rapid  rate,  is  stored  in  the  heat  sink,  and  then  is 
slowly  dissipated  to  the  atmosphere  and  surrounding  hardware. 

Progressive  shrinkage,  induced  by  alternate  cycles  of  high  heat  and  subsequent  cooling, 
result  in  high  residual  hoop  stresses  in  a  nonsegmented  rotor.  These  stresses, 
depending  on  sign,  result  in  one  of  two  types  of  distortion.  One  type  distorts  the 
disc  into  a  conical  washer,  and  the  other  type  produces  a  wave  washer  effect.  Both 
types  of  distortion  are  disastrous  to  the  brake,  since  they  eliminate  running 
clearance.  This  culminates  in  a  dragging  brake  which  rapidly  becomes  overheated  and 
could  result  in  loss  of  brake  capability  or  a  fire. 

To  minimize  this  distortion  radial  slots  are  incorporated,  resulting  in  partial 
segmentation  in  some  designs.  Other  designs  are  completely  segmented  and  the 
detrimental  effects  of  shrinkage  are  eliminated. 

For  most  design  applications  the  stator  plate  is  the  lining  carrying  member.  The 
lining  is  attached  by  either  riveting  cups  to  the  plate  or  by  bonding  the  lining 
directly  to  the  plate.  The  torque  resulting  from  stator-rotor  friction  is  then 
structurally  reacted  by  keys  attached  to  a  torque  tube  (Item  9)  which  in  turn 
introduces  the  torque  into  the  axle  flange  of  the  airplane.  The  pressure  plate  is  the 
same  general  configuration  as  the  stators,  but  differs  in  plate  thickness.  Increased 
thickness  is  desirable  to  insure  even  distribution  of  the  clamping  force,  produced  by 
the  actuating  pistons,  over  the  entire  rubbing  surface  of  the  friction  discs.  Lining 
is  attached  to  the  one  rubbing  face  of  the  pressure  plate.  This  plate  also 
accommodates  the  return  spring  pins  which,  when  assembled  in  the  brake  with  the  return 
springs,  pull  the  plate  back  to  the  carrier  when  pressure  is  released  from  the 
pistons.  The  resultant  movement  forces  the  pistons  back  into  their  bores  and  provides 
a  gap  between  the  lining  and  the  adjacent  rotor.  This  gap  assures  running  clearance 
for  the  balance  of  the  friction  stack  and  eliminates  any  generation  of  torque  when 
pressure  is  not  applied. 

The  backing  plate  (Item  3)  is  an  important  structural  member  of  any  disc  brake.  It 
provides  the  reaction  to  the  actuating  piston  or  pistons.  Lining  is  attached  to  the 
surface  of  the  backing  plate,  adjacent  to  the  last  rotor;  thus  providing  a  portion  of 
the  overall  brake  torque.  Due  to  its  mass  for  structural  rigidity  purposes,  the 
temperature  of  the  backing  plate  always  remains  much  lower  than  stator  or  rotor 
temperatures  during  any  brake  application. 

The  prime  function  of  the  carrier  (item  5)  is  to  provide  the  actuating  force  for 
clamping  the  friction  stack  for  torque  generation.  The  actuating  force  is  created  by 
hydraulic  pressure  applied  to  a  single  ring-type  piston  (see  items  6,  7,  aid  8)  which 
is  accommodated  by  an  annular  groove  machined  in  the  carrier.  The  carrier  must  be 
pressure- tight  and  rigid.  Deflections  decrease  available  piston  travel.  Item  7  is  a 
rubber  seal  to  prevent  hydraulic  fluid  leakage  past  the  piston  (item  6)  while  item  8  is 
an  insulator  to  prevent  heat  from  the  pressure  plate  (item  4)  from  deteriorating  the 
rubber  seal.  Other  carr.or  designs  utilize  multiple  pistons  spaced  around  the 
circumference  of  the  brake  friction  radius. 


Four  automatic  adjusters  (item  10)  are  mounted  to  the  carrier  of  this  brake  and 
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attached  to  the  pressure  plate  by  means  of  the  adjuster  pins.  The  adjuster  provides  a 
constant  running  clearance  when  the  brake  is  released. 

In  recent  years  composite  cnbon  brakes  have  made  considerable  strid. s.  Several 
military  aircraft  such  as  F-1S,  F-16,  F-18  and  B-l  prototypes  now  have  carbon  brakes. 
These  brakes  are  light  and  offer  long  life  potential.  Initial  problems  included 
oxidation  causing  sudden  loss  of  strength,  moisture  causing  temporary  loss  of  braking 
and  high  initial  cost.  The  oxidation  problem  has  been  minimized,  but  torque  variations 
due  to  moisture  and  other  caused  still  are  a  source  of  problems  particularly  to  system 
integration.  The  rapidly  rising  cost  of  fuel,  along  with  rapid  strides  in  composite 
carbon  brake  technology  assure  wide  spread  of  this  type  of  brakes. 

SHOCK  STRUT 


The  primary  purpose  of  the  landing  gear  structure  is  to  support  the  airplane  on  the 
ground.  In  addition,  it  is  called  upon  to  absorb  and  dissipate  the  landing  impact 
energy  and  provide  ride  comfort  during  ground  operations.  The  shock  absorption  is 
accomplished  by  an  air  over  oil  shock  strut. 

The  basic  weight  support  function  is  provided  by  a  compressed  cylinder  of  air.  The 
volume,  cross-sectional  area  and  extended  gear  pressure  determine  the  static  spring 
rate  of  the  shock  strut.  These  parameters  have  a  direct  bearing  on  the  ride  comfort 
during  taxi.  In  addition,  they  determine  the  stroke  during  landing. 

The  energy  dissipation  is  accomplished  by  forcing  the  oil  through  an  orifice,  whose 
area,  is  made  variable  through  the  use  of  a  variable  diameter  metering  pin.  The 
damping  is  therefore,  a  function  of  shock  strut  stroke. 

Attempts  have  been  made  to  provide  optimum  energy  dissipation  and  ride  comfort  through 
the  use  oi  dual  air  chamber  struts.  Development  work  is  also  being  done  on  active 
shock  strut  designs  which  allow  variation  of  characteristics  as  a  function  of  its 
operating  point.  The  challenge  is  to  develop  a  system  that  is  as  simple  and  reliable 
as  existing  designs. 


STEERING  SYSTEM 


The  steering  system  consists  basically  of  a  hydraulic  metering  valve,  an  actuator  to 
rotate  the  nose  wheels,  positional  feedback  to  valve  and  an  input  mechanism  from  the 
pilot.  The  system  operates  as  a  position  servo,  causing  the  nose  wheels  to  be 
positioned  according  to  the  pilots  input. 

The  overall  steering  problem,  though,  is  much  more  encompassing.  The  actual  turning  of 
the  aircraft  is  dependent  on  the  weight  distribution  between  main  and  nose  gear  tires, 
tire  characteristics,  aerodynamic  characteristics  and  airplane  dynamics. 

BRAKING  SYSTEM  DEVELOPMENT 

Antiskid  systems  were  originally  intended  to  prevent  prolonged  skids  and  subsequent 
tire  blowouts.  This  basic  role  has  been  expanded  to  include  optimization  of  stopping 
performance  under  a  variety  of  runway  conditions  e.g.,  dry,  w .  : ,  icy,  etc.  The 
development  cycle  of  a  brake  system  consists  of  many  actions  which  occur  at  different 
times.  The  earliest  item  which  gets  firmed  up  is  the  location  of  nose  and  main  gears. 
The  typical  range  of  the  center  of  gravity  during  operational  regime  is  also  fixed. 
Thec  -  items  determine  the  main  and  nose  gear  landing  gear  location  which  have  a  major 
influence  on  braking  and  directional  control.  Other  information  available  at  this 
stage  includes  the  expected  tail  size  and  basic  aerodynamic  characteristics  necessary 
for  calculation  of  aerodynamic  performance  and  airplane  stability  during  flight. 
Adequate  heading  control  during  takeoff  in  the  presence  of  an  engine  failure,  is  an 
important  consideration  and  impacts  tail  size. 

The  early  landing  gear  design  efforts  are  mainly  aimed  at  configuring  a  convenient  way 
tr  stow  the  gear  without  excessive  complexity  of  linkage,  failure  modes  and  incurring 
any  drag  penalties.  The  system  performance  can  be  impacted  by  early  landing  gear 
design  efforts.  The  gear  attachment  structure  and  gear  height  can  impact  gear  fore  and 
aft  stiffness  and  weight  transfer  during  braking.  The  basic  configuration  and  torque 
reaction  method  can  influence  the  truck  pitch  dynamics.  About  this  time  the  shock 
strut  characteristics  also  become  matters  of  concern.  The  available  stroke  is  nearly 
firm  and  all  that  needs  to  be  done  is  to  utilize  it  to  minimize  loads  under  extreme 
design  conditions.  The  design  sink  rate  is  typically  10  ft/sec  for  commercial 
transports  while  operational  landings  seldom  exceed  1-2  ft/  sec.  The  braking  system 
could  greatly  benefit  if  special  attention  is  paid  to  the  operational  regime  during  the 
early  trades  used  to  configure  metering  pins.  Special  emphasis  should  be  placed  on 
minimizing  rebound. 

Once  the  landing  gear  configuration  takes  firm  shape  other  gear  components  also  begin 
to  be  considered.  The  earliest  item  besides  landing  gear  structure  which  receives 
attention  is  the  brake  since  it  is  a  long-lead  item.  Once  developed  the  brake  does  not 
lend  itself  to  adjustment  of  its  basic  characteristics.  The  primary  consideration  in 
brake  development  is  the  heat  sink  required  to  meet  the  kinetic  energy  requirements 
during  stopping,  b  >th  landing  and  refused  takeoff.  This  aspect  deserves  careful 
evaluation  to  assure  adequate  brake  life  in  service. 
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The  other  aspects  which  have  received  little  or  no  attention  pertain  to  the  brake 
torque  requirements  and  other  associated  dynamic  characteristics.  The  consequence  of 
insufficient  torque  are  obvious,  so  the  designer  may  be  tempted  to  specify  an 
excessively  high  torque  capability  to  make  sure  he  avoids  the  problem.  Unfortunately, 
the  approach  can  induce  a  difficult  skid  control  problem  on  slippery  runways  (icy,  wet, 
etc.)  The  skid  control  system  will  be  forced  to  control  at  extremely  low  pressures 
which  may  be  in  an  area  of  the  brake  pressure/volume  curve  that  is  highly  nonlinear, 
resulting  in  reduced  efficiency.  Care  must  also  be  taken  to  minimize  the  nonlinear 
area  of  the  pressure/ volume  curve  to  insure  satisfactory  response  in  the  low  pressure 
region.  The  type  of  brake  lining  selected  can  also  impact  brake  dynamics,  gear 
dynamics  and  brake  control  system  response.  The  noise  characteristics  of  the  lining 
selected  should  be  carefully  assessed  to  assure  a  squeal  and  chatter  free  brake. 

The  tire  is  another  crucial  element  which  is  selected  early  in  design  cycle.  The 
primary  consideration  is  its  load-carrying  capability  during  the  speed  regime  normally 
applicable  for  landing  or  takeoff  cycles.  The  tire  specifications  provide  roll  tests 
simulating  landing,  taxi  and  takeoff  loads  and  speeds.  The  tests  are  largely  tire 
structural  integrity  tests  and  very  little  is  known  about  tire  wear,  cut  resistance,  or 
its  traction  characteristics  after  the  qualification  tests  are  complete. 

Other  considerations  in  the  selection  of  tire  include  flotation  and  stowage 
requirements.  The  traction  characteristics  are  seldom  considered.  This  aspect  is 
important  and  requires  a  careful  trade  study.  A  high  pressure  tire  results  in 
favorable  wet  runway  traction  and  helps  the  designer  in  reducing  his  stowage 
requirements,  but  it  increases  tire  wear  on  dry  runways  and  aggravates  flotation.  A 
tire  custom  tailored  for  each  aircraft  provides  the  best  solution.  The  tendency  to 
select  an  off-the-shelf  tire  is  motivated  by  cost  savings  in  procuring  original 
equipment  and  perhaps  assuring  commonality  with  other  fleet.  The  problems  arising  from 
such  trades  seldom  justify  this  penny-wise  approach. 

With  the  release  of  major  landing  gear  design  drawings  and  specifications  related  to 
tire,  wheel  and  brake,  attention  now  turns  to  other  aspects  of  the  system.  The  brake 
hydraulic  system  is  configured  along  with  the  steering  hydraulics  system.  The  line 
lengths  and  sizes  are  firmed  up  to  assure  adequate  power  for  various  flight  controls 
and  auxiliary  functions.  This  is  the  time  for  landing  gear  designer  to  make  his 
requirements  known  and  to  receive  special  consideration  consistent  with  his  needs.  The 
proper  sizing  of  the  hydraulic  system  at  this  time  will  assure  adequate  system  response 
and  avoid  costly  and  difficult  changes  later  in  the  development  of  the  system.  The 
system  redundancy,  power  supplies,  indication  system  and  other  interface  requirements 
are  also  firmed  up. 

It  is  now  time  for  release  of  skid  control  and  steering  component  specifications.  The 
discussion  of  this  specification  and  the  role  it  plays  in  successful  design  will  be 
relegated  to  a  later  section  so  as  to  provide  some  discussion  of  the  many  variables 
which  impact  skid  control  performance.  Proper  understanding  of  these  variables  and 
their  role  is  an  important  prerequisite  to  writing  a  good  specification. 

The  environment  in  which  the  aircraft  operates  places  further  constraint  on  system 
design.  So  far  we  have  discussed  constraints  imposed  on  the  system  during  early 
aircraft  design.  These  are  necessary  as  the  aircraft  is  mainly  designed  to  be  an 
efficient  flying  vehicle. 

Among  the  elements  that  require  consideration  are: 

1.  Runway  traction 

l.  Pilot  technique 

Runway  Traction 

The  various  aircraft  may  operate  into  a  variety  of  airfields  with  commercial  operations 
involving  primarily  asphalt  and  concrete  runways.  Some  commercial  operators  do  operate 
into  grass  and  gravel  fields.  Military  operations  often  necessitate  use  of  quickly 
prepared  rough-dirt  fields.  The  diversity  in  runway  materials  provide  a  wide  variety 
of  traction  characteristics. 

Concrete  and  asphalt  runways  provide  good  flotation,  runway  life  and  traction  when 
surfaces  are  dry.  In  the  presence  of  ice,  snow,  slush,  and  rain  the  available  friction 
capability  degrades.  In  addition,  on  wet  runways  a  phenomena  call  "hydroplaning"  can 
occur.  The  incidence  of  hydroplaning  can  be  reduced  by  selection  of  suitable  tire 
design,  improvement  of  runway  micro  and  macro  texture  and  a  good  runway  maintenance 
program. 

Poor  runway  design  can  result  in  an  almost  complete  absence  of  friction  at  high  speeds 
on  extremely  wet  runways.  This  situation  may  cause  a  loss  of  the  locked  wheel 
protection  devices  which  normally  assure  safe  operation.  The  various  studies  conducted 
by  NASA,  FAA  and  USAF  have  verified  this  and  runways  with  good  traction  have  been 
stressed . 

Several  new  runway  concepts  are  being  actively  studied  by  USAF  such  as  porous  surface 
runways.  FAA  favors  the  use  of  grooved  runways.  These  runways  provide  a  positive  path 
for  water  to  drain  away  and  thus  offer  higher  traction  under  similar  rain  condition.  A 
good  maintenance  program  is  considered  integral  to  any  of  these  concepts.  In  the 


1 3-5 


4 


absence  of  such  a  program,  rubber  deposits  and  other  contaminates  can  build  up.  In  the 
presence  of  moisture  this  results  in  slippery  conditions. 

Several  excellent  studies  have  been  undertaken  to  acquire  a  better  understanding  of 

traction  and  the  landing  gear  designers  will  greatly  benefit  from  acquiring  better 

understanding  of  this  problem. 

Unprepared  Fields 

Generally  speaking,  the  unprepared  runway  traction  is  not  too  well  understood.  The 
available  data  is  scant  and  more  test  data  is  needed  to  develop  efficient  systems  for 
operation  of  such  airfields.  The  available  cornering  data  is  sketchy  under  all 

conditions  of  operation.  The  available  data  indicates  that  traction  on  unprepared 

fields  is  marginal.  The  presence  of  excessive  moisture  causes  degradation  in  both 
flotation  and  traction  capabilities  of  the  soil.  Grass  cover  also  makes  runway  very 
slick  in  the  presence  of  water.  Good  drainage  is  necessaray  to  provide  improved 

traction.  This  can  be  accomplished  with  a  surface  layer  of  gravel  provided  no  ruts  or 
low  spots  are  allowed  to  develop.  Soft  fields  add  another  dimension  to  the  problem. 

Impact  of  Pilot  Technique 

Besides  elements  such  as  runway  traction  or  crosswinds,  the  pilot  is  perhaps  the  most 
significant  external  influence.  The  pilot  influences  the  landing  and  takeoff  field 

length  requirements  in  several  ways. 

One  of  the  elements  of  concern  is  late  touchdown  which  uses  up  much  of  the  available 
runway  thus  reducing  the  margin  of  safety.  This  problem  is  merely  the  inverse  of 

another  problem  in  which  he  may  land  short.  Thus,  precise  landing  aids  permitting  an 

all-weather  landing  capability  are  needed. 

For  purposes  of  this  discussion  it  is  assumed  that  such  a  problem  is  recognized  and 
will  be  handled  before  too  long  to  the  satisfaction  of  all  concerned.  Even  if  a 

precise  touchdown  is  assumed  the  pilot  still  can  land  hard  and  at  excessive  speeds. 
The  landing  technique,  besides  losing  precious  available  distance,  may  cause 
undesirable  rebound  and  make  early  braking  and  cornering  difficult.  The  landing  gear, 
thus,  has  to  be  designed  for  some  abuse  margin  and  metering  pin  analysis  should 
carefully  assess  operational  performance  along  with  critical  design  condition  where 
peak  load  values  are  the  primary  concern. 

Whereas  the  pilot  exercises  broking  by  merely  depressing  the  brake  pedals  the  timing 
and  manner  in  which  he  uses  these  is  critical.  On  dry  and  good  traction  runways  he  can 
depress  pedals  firmly  to  help  achieve  optimum  stopping.  On  wet  runways,  where 
excessive  water  is  present  or  on  very  slippery  runways  (icy)  he  should  apply  brakes 
gradually.  By  partial,  but  early  brake  application,  he  can  get  some  braking  while 
preventing  wheel  lockups.  As  the  skid  control  system  learns,  the  pilot  can  increase 
brake  pressure  by  depressing  pedals  further. 

Even  though  good  runways  may  be  available  at  sometime  in  the  future  and  pilot  advisory 
information  and  training  may  be  improved,  the  skid  control  systems  must  be  designed  to 
cope  with  varying  conditions  of  available  traction.  Presence  of  paint  markings,  tar 
strips  and  puddles  along  with  differences  in  micro- texture/macro- texture  and  drainage 
will  necessitate  continuous  updating  in  technology. 

BRAKING/STEERING 

It  was  mentioned  earlier  that  braking  and  cornering  are  related.  This  arises  from  the 
simple  premise  that  same  vector  must  be  shared  for  traction  and  cornering,  Figure  4. 
As  demand  in  braking  mode  increases,  the  vector  available  for  cornering  decreases. 
Fortunately,  as  demand  is  placed  in  the  cornering  sense  the  skid  control  system  will 
reduce  braking  effort  due  to  its  inability  to  assess  excessive  slip  in  the  directional 
sense.  The  directional  control  of  aircraft  may  be  divided  into  high,  intermediate  and 
low  speed  regime.  At  higher  speeds  considerable  aerodynamic  control  is  available,  but 
as  speed  decreases  to  the  intermediate  range,  nose  gear  steering  control  becomes  the 
only  effective  means  of  controlling  aircraft  heading.  At  low  speeds  all  turning  is 
accomplished  using  the  steering  system. 

The  steering  system  requirements  have  not  been  developed  to  a  level  of  sophistication 
seen  in  skid  control  system  design.  The  low-signal  response  (critical  for  high-speed 
regime)  and  large-signal  response  requirements  (critical  to  low-speed  maneuvers)  are 

not  well  established.  Due  to  the  nature  of  directional  control  which  requires  several 
inputs  from  the  pilot  as  against  a  simple  brake  pedal  input  for  braking,  the  response 
cannot  be  easily  assessed. 

Recently,  ground  simulators  have  been  developed  which  permit  pilot  evaluation  of 

steering  system  adequacy  and  workload.  A  schematic  of  a  ground  handling  simulator  is 
shown  in  Figure  5.  These  simulators  are  still  not  in  wide-spread  use.  The  comments 
such  as  "All  simulators  are  alike"  or  "A  moving  base  simulator  is  better  than  a  fixed 

base  simulator”  clearly  evade  the  basic  issue:  The  need  for  extensive  and  accurate 

math  models  such  as  in  use  on  skid  control  simulators,  and  the  need  for  adequate 
verification  by  pilot  demonstration  and  flight  test. 


At  this  time  it 


naps  timely  to  re-emphasize  tire  data  needs  for  such  work.  The 
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tire  cornering  and  combined  cornering  and  braking  data  is  nearly  non-existent.  Data 
needs  for  shimmy  analysis  also  deserve  mention.  Nose  gears  have  been  frequently  found 
to  shimmy  and  steering  valves  have  been  often  used  to  provide  shimmy  damping.  The 
availability  of  tire  data  and  new  innovative  approaches  are  needed  to  resolve  the 
shimmy  problem.  Presently  shimmy  damping  requirements  often  conflict  with  good 
high-speed  directional  control. 

With  the  foregoing  background  the  development  of  efficient  skid  control  systems  can  now 
be  discussed. 

The  procurement  of  the  skid  control  system  begins  with  the  release  of  the 

specification,  which  outlines  the  typical  system  interfaces  -  hydraulic,  electrical  and 
structural.  Besides  this,  several  system  configuration  requirements  are  imposed  on  the 
antiskid  system  manufacture.  Included  in  these  may  be  requirements  for: 
o  failure  indication 

o  touchdown  and  locked  wheel  protection 

o  locked  wheel  protection  -  turning  interface 

o  parking  brake  system 

o  automatic  spoiler  deployment 

Although  these  features  are  not  a  direct  part  of  the  braking  force  optimization  system, 
careful  consideration  of  these  requirements  is  extremely  important.  The  influence  of 
some  of  these  requirements  can  have  a  major  effect  on  stopping  performance, 

particularly  under  adverse  runway  conditions. 

The  skid  control  specification  may  also  impose  direct  constraints  on  the  type  of  system 
used. 

Recently,  emphasis  has  been  placed  on  providing  more  detailed  accounting  of  tire,  brake 
and  other  associated  component  performance  in  the  specification  to  assure  harmonious 
operation  of  the  skid  control  system. 

Since  the  development  of  an  antiskid  system  from  scratch  is  both  time  consuming  and 
costly,  the  selection  of  a  system  is  usually  limited  to  an  existing  system  or  a 
modified  version  of  an  existing  system.  Currently,  operational  aircraft  use  systems 

which  cover  three  generations  of  antiskid  development.  Figure  6  shows  the  improvement 

in  system  efficiency  gained  through  system  development  as  a  function  of  available 
ground  friction  coefficient.  Current  thi  rd- generat  i  on  systems  provide  high  efficiency 
over  a  wide  mu  range,  under  ideal  conditions. 

One  of  the  recent  advances  in  brake  control  systems  which  deserves  mention  is  the 
advent  of  the  automatic  braking  system.  This  Boeing  developed  system  concept  provides: 

o  Automatic  application  of  brakes  upon  touchdown 
o  A  controlled  deceleration  to  stop 

The  following  represent  some  of  the  payoffs  of  this  concept: 
o  Reduction  of  pilot  work  load 

o  Consistent  early  brake  application 

o  Consistent  operational  stopping  performance 

o  Smooth,  comfortable  operation 

o  Improved  cornering  capability 

o  Reduced  tire  wear 

This  type  of  a  system  is  now  available  on  advanced  B-737,  B-747,  B-727  and  is 

currently  being  developed  for  use  on  B-757  and  B-767. 

Additional  performance  gains  can  be  obtained  through  both  refinements  to  existing 
systems  and  the  development  of  new  concepts.  In  both  areas,  the  airframe  manufacturer 
is  expected  to  play  the  key  role  since  he  is  closely  related  to  the  system's  operation, 

service  problems  and  is  ultimately  responsible  for  the  safety  of  the  aircraft.  The 

antiskid  supplier  on  the  other  hand  is  more  closely  related  to  the  hardware  and,  with 

proper  guidance  from  the  airframe  manufacturer,  is  in  a  better  position  to  facilitate 

component  improvement . 

Laboratory  System  Development 

The  overall  system  performance  depends  to  a  great  degree  on  the  work  done  during  the 
laboratory  development.  With  the  airplane,  landing  gear  and  brake  design  essentially 
finalized,  the  skid  control  system  components  must  be  optimized  to  provide  the  desired 
performance. 

The  key  element  in  optimizing  performance  of  the  skid  control  system  is  the  simulator. 
The  purpose  of  the  simulator  is  to  evaluate  the  system  under  all  operating  conditions. 
Figure  7  shows  a  block  diagram  of  a  typical  simulator  in  use  at  Boeing.  The  simulation 
consists  of  a  computer  simulation  of  the  airplane  and  a  hydraulic  mockup.  As  much 
actual  hardware  as  possible  is  used  to  insure  complete  representation  and  to  minimize 
computer  requirements.  Simulated  hardware  is  used  initially,  being  replaced  by 
prototype  hardware  as  it  becomes  available. 
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The  computer  modeling  includes: 

o  3  Degree  of  Freedom  Airplane 

o  Engine  Thrust  Characteristics 

o  Aerodynamic  Characteristics 

o  Landing  Gear  Dynamics 

o  Tire,  Wheel  and  Brake  Dynamics 

o  Ground  Force  Generation 

o  Truck  Pitch  Dynamics  (if  applicable) 

o  Brake  Torque  with  Associated  Energy  and  Velocity  Influences 

The  brake  and  tire  dynamics  form  a  major  part  of  the  simulation  because  of  their  basic 
influence  on  stopping  performance. 

The  simulator  is  used  throughout  the  design  process.  It  must  be  used  early  in  the 
process  to  avoid  being  locked  into  long-lead  time  hardware.  Thus,  the  simulator  is 
used  to  screen  system  concepts  as  well  as  system  components  prior  to  vendor  selection, 
thus  assuring  the  capability  to  meet  the  design  requirements. 

Once  the  hardware  has  been  procured,  the  system  integration  and  optimization  can 

begin.  The  test  outline  used  during  tuning  and  system  development  must  be  carefully 
developed  to  cover  the  entire  anticipated  regime  of  operation.  This  must  include  not 
only  stabilized  stops,  but  also  step  mu  changes,  wet  runway  operations,  touchdown 

reactions  and  environmental  extremes.  By  means  of  the  simulation,  the  stopping  system 
is  given  a  thorough  preflight  check  for  both  dynamic  stability  and  stopping 

performance.  The  critical  control  parameters  of  the  antiskid  control  box  are  adjusted 
to  insure  an  adequate  stability  margin,  assuring  "gear  walk"  free  braking  operation. 
Other  dynamic  influences  such  as  truck  pitch  tendencies  have  to  be  assessed  carefully 
and  compensation  necessary  is  provided  in  the  electronics  circuit. 

Any  simulator  test  must  go  hand-in-hand  with  flight  test.  Unless  the  simulator 
reflects  what  is  happening  on  the  aircraft,  the  testing  done  on  it  is  of  little  value. 
Likewise,  the  cost  and  difficulty  in  precisely  controlling  all  variables  during  flight 
test  make  it  virtually  impossible  to  optimize  a  current  skid  control  system  on  the 

aircraft.  In  addition  to  performance  feed  back,  pilot  opinion  of  system  operatioi 
during  flight  test  is  very  important. 

LANDING  GEAR  SHIMMY 


Self-excited  vibration  in  a  landing  gear  (shimmy)  is  initiated  and  sustained  by  the 
ground  excitation  forces.  The  problem  is  further  complicated  by  increased  emphasis  on 
reducing  the  weight  of  the  landing  gear  system  in  modern  aircraft  and  the  effects  r f 
this  emphasis  on  gear  structure.  Because  of  its  frequent  occurrence  and  the 
seriousness  (cost,  safety,  etc.)  of  the  problem,  analysis  for  the  prediction  of  shims / 
or  landing  gear  instability  is  an  important  part  of  landing  gear  design.  1.  also 
serves  as  a  guide  to  shimmy  testing  programs.  However,  often  only  limited  success  is 
achieved  in  shimmy  analysis,  mainly  because  of  over- simpl i f icat i on  of  many  variables  as 
well  as  lack  of  meaningful  data  on  tires.  At  least  two  forms  of  shimmy  have  been 
discovered.  These  are: 

o  tire  yaw  shimmy 

o  structural  torsional  shimmy 

The  occurrence  of  both  forms  depends  on  the  amount  of  overall  system  damping.  For  low 
damping,  shimmy  usually  involves  rigid-body  torsional  motion  of  the  landing  gear 
restrained  by  the  yawing  motion  of  the  tire.  That  is,  the  model  mass  is  essentially 
pivoting  about  the  swivel  axis,  and  the  effective  spring  rate  is  the  tire 
dynamic-torsional  spring  rate,  accounting  for  the  reciprocal  distance  of  the  footprint 
lateral  load  line  of  action  from  the  swivel  axis.  This  type  of  shimmy  is  referred  to 
as  tire  yaw  shimmy. 

With  high  damping,  tire  yaw  shimmy  is  stabilized  but  the  structural  modes  of  the  gear 
can  become  unstable.  One  commonly  occurring  mode  has  essentially  the  same  model  mass 
as  the  first  mode;  however,  the  spring  rate  is  the  torsional-spring  rate  of  the  landing 
gear  with  the  damper  (if  any)  locked.  This  type  of  shimmy  is  often  referred  to  as 
structural-torsion  shimmy.  Both  types  of  shimmy  are  affected  significantly  by  the  tire 
parameters . 


CURRENT  TECHNICAL  APPROACHES 


Analysis  of  shimmy  must  consider  the  following: 
o  the  nature  of  airframe  flexibility 

o  the  nature  of  the  attachment  of  the  gear  to  the  airframe 

o  flexibilities  of  the  attachment  and  gear  structure 

o  the  interaction  or  coupling  between  the  airframe  and  the  gear  structure 
o  the  nature  of  excitation  forces  and  moments 

o  the  presence  of  freeplay  at  all  support  points  and  joints 

o  the  interaction  between  the  structure  and  the  damping  device 
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Attachment  Considerations 

The  inner  cylinder  is  generally  idealized  as  a  beam,  with  the  bearing  plate  connection 
consisting  of  a  number  of  stringer  elements  (axial  load  only)  per  bearing  plate.  This 
provides  the  required  bearing  area,  as  well  as  preventing  swivel  moment  transfer  from 
the  inner  to  the  outer  cylinder  through  anything  other  than  the  torque  links.  The 
landing  gear  structure  is  sometimes  extended  to  include  the  landing  gear  support  beam 
which  is  sometimes  pinned  at  both  ends.  Other  support  points  may  include  the  rear  spar 
end  of  the  trunion  (free  to  rotate  about  the  trunion  centerline),  the  side  strut  apex 
(free  to  rotate  in  the  plane  of  the  side  strut),  and  the  actuator  support  (completely 
fixed).  Simplifications  are  also  essential  due  to  the  presence  of  a  steering  system 
(on  nose  as  well  as  steered  main  gears).  The  steering  cylinders  are  generally 
idealized  as  stringers. 

Boeing  has  used,  with  considerable  success,  the  concept  of  influence  coefficients  in 
evaluating  structural  influences.  The  Boeing  tests  consisted  of  mounting  the  gear  and 
support  beam  in  a  jig,  applying  loads  and  measuring  deflections.  The  data  was  plotted 
and  reduced  to  influence  coefficients.  Sufficient  loading  conditions  were  tested  to 
provide  data  crosschecks,  and  these  indicate  that  the  data  is  quite  accurate.  The  data 
obtained  from  plastic  models  provides  the  best  comparison  to  the  data  obtain  for  this 
test . 

In  addition  to  their  use  in  the  shimmy  analysis,  these  data  can  also  provide  a  basis 
for  developing  a  mathematical  model  to  determine  the  influence  coefficients  of  other 
landing  gears.  Moreland  was  the  first  to  suggest  the  use  of  the  transfer  function 
approach  to  evaluation  of  the  structural  influences,  although  he  never  included  it  in 
any  of  his  analyses.  This  approach  still  merits  consideration. 

Presence  of  Freeplay 

Due  to  the  presence  of  a  large  number  of  moving  and  restrained  support  points  and  a 
rather  severe  impact  and  vibration  environment,  the  development  of  freeplay  at.  some 
support  points,  such  as  the  trunnion,  is  inevitable. 

This  freeplay  has  a  significant  effect  upon  the  magnitude  of  the  perturbations  which  an 
otherwise  stable  landing  gear  can  tolerate. 

Trail  Stabilizing  or  Destabilizing 

Several  investigators  have  considered  the  contribution  of  mechanical  trail  to  landing 
gear  shimmy.  The  derivative  of  the  critical  damping  ratio  with  respect  to  the  trail 
generally  can  be  either  positive  or  negative.  It  thus  follows  that  increasing  the 
trail  from  zero  may  require  either  more  or  less  damping  which  will  depend  upon  the 
relative  magnitudes  of  the  influencing  variables. 

SHIMMY  DAMPER 


A  shimmy  damper  is  often  an  agency  requirement  for  averting  the  occurrence  of  shimmy. 
Damping  as  such,  however,  is  not  a  certain  means  for  avoiding  instability.  The  system 
stability  or  limit  cycle  can  be  assured,  however,  by  use  of  an  appropriate  type  and 
amount  of  damping.  Analysis  of  the  737  main  landing  gear  showed  that  both  excess  and 
deficit  damping  would  result  in  an  unstable  gear.  The  choice  of  a  damper  is  not 
recommended  for  all  configurations. 


TIRE 

The  importance  of  the  tire  to  the  system  and  the  shimmy  phenomenon  is  not  equally 
appreciated  by  various  investigators.  In  recent  years,  however,  the  importance  of  the 
tire  in  this  se l f - exc i t a t i on  phenomenon  has  been  more  and  more  recognized.  The 
difficulty  in  incorporating  an  appropriate  tire  model  in  the  shimmy  analysis  lies  in 
the  lack  of  knowledge  about  the  dynamic  behavior  response  of  a  rolling  tire  to  an 
oscillatory  side  and  angular  motion.  In  most  theories  the  tire  is  represented  as  a 
linear  a  torsional  and/or  lateral  spr i ng- damper  system  for  which  static  or  low  speed 
rolling  tire  data  are  used. 


BRAKE  SQUEAL/CHATTER 

Brake  induced  vibration  is  caused  directly  by  the  normal  operation  of  the  brake,  as 
opposed  to  vibration  excited  by  other  sources  such  as  runway  discontinuities,  and 
antiskid  operation 

Rrake  induced  vibration  can  be  divided  into  two  frequency  ranges: 

a.  Low  frequency  (less  than  100  cps) 

b.  High  frequency  (more  than  100  cps) 

The  low  frequency  vibration  is  called  chatter  and  is  generally  related  with  the  fore 
and  aft  movement  of  the  landing  gear  strut.  This  strut  movement  is  commonly  referred 
to  as  "gearwalk"  or  strut  chatter”.  Strut  chatter  is  detrimental  to  the  operation  of 
the  antiskid  system  and,  if  the  amplitude  becomes  high  enough,  can  by  physically 
destructive  to  the  airplane. 


The  high  frequency  vibration  is  termed  squeal  and  involves  the  brake  and  associated 
structure.  Squeal  is  generally  annoying  to  the  passengers  and  disruptive  to  brake 
operation. 


The  airplane  self-induced  brake  vibration  has  ingredients  discussed  in  the  literature, 
but  is  not  well  understood.  The  literature  does  not  contain  much  that  relates  directly 
to  airplane  brake  squeal. 

Figure  8  shows  a  typical  recording  of  brake  squeal.  The  analysis  of  these  flight  test 
records  shows  that  vibration  occurred  in  two  modes,  torsionallv  about  the  axle  and 
linearly  along  the  axle.  The  oscillation  occurred  at  wheel  speeds  as  high  as  1000  rpm 
and  as  low  as  80  rpm. 


THEORETICAL  STUDIES 


A  727  brake  was  analyzed  to  gain  further  understanding  of  the  dynamic  characteristics 
of  the  brake.  The  analysis  showed  the  presence  of  both  torsional  and  axial  vibration 
modes.  The  degrees  of  freedom  in  these  directions  were  considered  to  be  as  follows: 

1.  TORSIONAL  SYSTEM 

Torsionally  the  727- 100  brake  is  a  nine  degree  of  freedom  system.  The  inertia  of  the 
system  are:  the  piston  housing,  the  pressure  plate,  the  six  stators,  and  the  backing 
plate.  An  undamped  free  vibration  frequency  analysis  of  the  torsional  mode  was  made  to 
determine  the  natural  frequencies  and  mode  shapes  of  the  torsional  system.  The  mode 
shapes  relate  the  position  of  the  inertias  for  any  instant  of  time.  The  lowest 
calculated  frequency  was  206  cps.  This  corresponds  to  an  observed  frequency  of  190 
cps.  The  vibration  at  this  frequency  consists  of  the  entire  brake  oscillating  as  a 
unit  on  the  stiffness  of  the  axle.  The  calculated  frequency  of  the  second  mode  was 
162C  cps. 

In  general,  the  vibration  can  be  a  combination  of  the  nine  modes.  The  flight  test  data 
generally  limits  observation  to  the  two  lowest  frequencies.  The  lowest  frequency  has 
been  predominent  in  flight  test  records. 

2.  AXIAL  SYSTEM 

The  flight  test  records  have  shown  vibration  in  the  axial  direction  i.e.,  direction 
parallel  to  the  axle.  The  axial  vibration  occurred  at  the  same  time  and  the  same 
frequency  as  the  torsional  vibration.  Since  the  instability  occurs  in  the  torsional 
system,  the  axial  vibration  must  be  dr  ven  by  the  torsional  system. 

The  727-100  axial  system  is  essentially  a  two  degree  of  freedom  system  consisting  of 
the  piston  housing  and  the  heat  sink  vibrating  on  the  stiffness  of  the  brake  mounting 
flange  and  the  torque  tube  hydraulic  system,  respectively.  The  natural  frequencies  of 
this  system  are  271  cps  and  1765  cps.  The  shaker  tests  gave  frequencies  of  500  and 
1500  cps. 

A  more  exhaustive  treatment  must  consider  the  presence  of  non-linear  damping  due  to  the 
sliding  action  of  the  rotor  and  stator  keys  in  the  keyways  of  the  torque  tube  and  the 
wheel.  The  dry  friction  between  the  sliding  surfaces  produces  a  force  opposing  the 
motion . 


COUPLING 


Since  the  primary  source  of  the  vibration  occurs  in  the  torsional  mode,  a  transferred 
mechanism  between  torsional  and  axial  systems  is  needed.  Basically,  two  types  of 
coupling  are  encountered.  These  are: 

a.  elastic  coupling 

b.  inertial  coupling 

Elastic  coupling  is  coupling  in  which  the  displacement  of  one  mass  causes  a 
corresponding  force  on  a  second  mass.  Inertial  coupling  results  from  the  interasction 
of  the  inertial  forces  of  the  masses. 

Several  theories  have  been  put  forth.  Some  of  those  which  have  been  disproved  are: 

a.  Torque  tube  shortening 

b.  Axle  shortening 

c.  Axle  Bending 

e.  Shear  deflection  of  the  lining 

LANDING  GEAR  TRUCK  PITCH 

Bogie  type  landing  gear  are  frequently  incorporated  on  large  commercial  transport 
airplanes.  These  bogie  or  truck  type  gears  have  now  been  used  on  various  airplanes  for 
many  years.  The  early  landing  gears  were  not  fully  equalized.*  This  resulted  in 
severe  truck  angular  movement  in  a  plane  parallel  to  the  airplane  fore  and  aft  axis. 
This  motion  is  often  termed  truck  hop  or  truck  pitching.  In  a  fully  equalized  landing 

•Essentially  in  an  equalized  truck  the  brake  drag  and  the  load  in  the  compensating  link 
(equalizing  rod)  produce  no  moment  about  the  bogie  and  thus  no  load  is  transferred 
between  truck  (bogie)  wheels  due  to  brake  drag. 


gear  truck,  the  braking  torque  is  transmitted  directly  to  the  strut  through  the 
equalizing  rods.  Without  these  equalizing  rods,  the  braking  torque  is  applied  directly 
to  the  truck  beam. 

Figure  9  shows  the  pitching  moments  along  with  the  free  body  diagrams  for  nonequal i zed , 
front  brake  equalized,  rear  brake  equalized  and  fully  equalized  trucks.  The  figure 
Shows  clearly  that  partial  equalization  does  not  eliminate  the  tendency  to  pitch  the 
truck  forward  but  does  reduce  it.  Full  equalization  practically  eliminates  the 
tendency  to  pitch  the  truck  forward.  Experience  has  shown  that  a  fully  equalized  truck 
is  very  stable  and  is  the  only  type  used  on  modern  airplanes.  A  certain  amount  of 
truck  pitching  will  always  exist  due  primarily  to  the  excitation  of  runway  roughness. 

MAJOR  EFFECTS  OF  TRUCK  PITCHING  ON  LANDING  GEAR  SYSTEMS 

The  high  cyclic  loading  or  the  truck  assembly  resulting  from  pitching  can  result  in 
component  failures  and  cos*  .y  unscheduled  maintenance.  The  presence  of  violent 
truck  pitching  jeopardizes  the  brake  system  performance.  During  modulated  braking,  the 
antiskid  wheel  speed  sensors  monitor  all  braked  wheel  speeds.  Whenever  the  system 
detects  a  braked  wheel  slowing  below  its  synchronous  speed,  in  a  predetermined  manner, 
it  reduces  the  brake  pressure  on  this  wheel,  permitting  the  wheel  to  speed  up.  A 
pitching  truck  introduces  wheel  speed  perturbations.  These  perturbations  can  "fool" 
the  antiskid  into  responding  as  though  the  wheel  is  going  into  a  true  skid.  The 
unnecessary  brake  releasing  that  follows  results  in  an  increase  of  airplane  stopping 
distance. 

TRUCK  PITCHING  PROBLEM 

Several  things  can  be  done  in  the  initial  design  to  avoid  a  truck  pitching  problem 
entirely  or  to  reduce  it  to  a  tolerable  oscillation  level.  The  following  are  a  few  of 
the  recommendations  to  achieve  this: 

o  If  possible,  design  the  landing  gear  truck  having  its  mass  centered  on  the 

truck  pivot. 

o  If  this  is  not  practical,  an  attempt  should  be  made  to  separate  the  natural 

frequencies  of  vertical  translation  and  pitching  of  the  truck, 
o  The  design  of  the  brake  control  should  incorporate  intelligence  to  prevent 
pressure  modulations  at  the  truck  pitching  frequency. 

ADAPTIVE  LANDING  GEARS 

The  primary  function  of  the  landing  gear  oil/pneumatic  shock-absorber  is  the  efficient 
absorption  of  the  airplane  vertical  kinetic  energy  during  touchdown  and  the  secondary 
function  is  to  provide  a  suspension  system  for  taxi.  The  oleo  metering  pin  was 
introduced  as  a  means  to  achieve  a  more  optimum  load  stroke  relationship.  Present  day 
digital  simulation  techniques  have  reduced  touchdown  design  loads  to  a  minimum. 

However,  with  the  exception  of  the  dual  stage  air  spring,  taxi  performance  has  in  the 
past  been  more  or  less  ignored  since  it  was  generally  not  a  problem.  Little  or  no  wing 
and  body  structure  was  being  designed  by  runway  roughness  induced  taxi  loads  and  ride 

and  ground  performance  was  acceptable.  Today  the  aircraft  industry  is  presented  with 

numerous  taxi  related  design  problems  and  the  cause  can  be  traced  to  the  slowly 

changing  aircraft  designs. 

There  are  basically  four  areas  which  have  contributed  to  the  slow  degradation  of  taxi 
performance: 

1)  Gross  Weight  Typical  airplane  gross  weight  has  increased  5  to  10  times  since 
World  War  II  which  has  aggravated  suspension  and  flotation  problems. 

2)  Airframe  Flexibility  Airframe  structure  has  become  considerably  more  flexible 

over  the  past  few  decades .  This  is  especially  true  in  the  case  of  large 

supersonic  aircraft.  A  more  flexible  structure  adversely  contributes  to  taxi 
dynamic  response  causing  larger  normal  accelerations,  strut  loads,  etc. 

3)  Ground  Roll  Speeds  Taxi  dynamic  response  is  approximately  proportional  to 

ground  roll  speed .  The  trend  in  aircraft  design  is  to  higher  speeds.  Again 

this  is  particularly  true  for  supersonic  aircraft. 

4)  Operation  on  Substandard  Fields  Recent  AF  military  operations  have  imposed 

the  requirement  that  transports  and  ground  support  fighters  operate  from 

semi-prepared  runways  in  forward  areas.  Under  these  conditions  the  dynamic 

performance  of  the  landing  gear  during  takeoff  and  landing  roll  is  no  longer 
of  secondary  importance. 

The  core  of  this  discussion  is  that  aircraft  designs  are  dynamic;  they  are  changing. 
Airplanes  are  becoming  larger,  heavier,  and  more  flexible.  However,  landing  gear 
designs  have  been  static;  they  have  not  been  advancing  technologically  to  reduce,  or 
eliminate  penalties  associated  with  taxi  performance. 

Taxi  related  penalties  are  a  problem  today  and  they  will  be  worse  5  years  from  now  and 
may  be  intolerable  in  10  years.  Landing  gear  technology  must  advance  hand  in  nand  with 
airframe  technology. 

Taxi  incurred  penalties  impact  airplane  overall  performance  in  four  areas: 
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1)  Survivability  Survivability  for  military  airplanes  designed  for  front  line 
field  operation  is  of  major  concern.  The  ability  to  taxi  on  rough  surfaces 
and  over  obstacles  increases  the  airplane  mission  effectiveness  and 
survivability.  This  permits  operation  into  a  significantly  greater  number  of 
airfields  which  are  presently  inaccessible. 

2)  Design  Loads  Taxi  induced  loads  can  size  wing  and  body  structure  as  well  as 
design  The  gear  itself.  Weight  is  directly  related  to  such  loads  and 
therefore  payload  is  reduced. 

3)  Fatigue  Life  Taxi  loads  reduce  fatigue  life  by  contributing  to  the  ground  air 
ground  cycle.  If  taxi  loads  and/or  mission  profile  are  not  properly  assessed 
the  useful  life  of  an  airplane  can  be  seriously  affected. 

4)  Ground  Performance  Landing  gear  design  dictates  ground  handling  performance 
and  is  coupled  to  the  effectiveness  of  the  braking  system,  pilot 
controllability,  stability,  and  ride  comfort. 

Military  airplanes  are  particularly  susceptible  to  penalties  incurred  through  severe 
dynamic  taxi  response.  The  C-130  is  a  good  example  of  an  airplane  which  has 
experienced  taxi  incurred  damage.  This  airplane  was  used  extensively  in  Southeast  Asia 
for  forward  line  support.  The  missions  were  numerous,  short  in  length,  and 
field- surface  conditions  were  poor.  This  activity  adversely  affected  the  fatigue  life 
of  the  airplane  and  resulted  in  early  crack  propagation  in  the  wing  structure. 

Boeing  has  been  actively  involved  in  the  development  of  advanced  landing  gear  systems 
and  as  a  result  has  studied  a  number  of  concepts.  Dual  mode  (adaptive!  landing  gear 
concepts  are  particularly  attractive  because  of  their  inherent  simplicity  and  potential 
reliability. 

As  previously  mentioned,  the  landing  gear  performs  two  functions  which  are:  1)  to 
efficiently  absorb  the  airplane  kinetic  energy  during  touchdown,  and  2)  to  act  as  a 
suspension  system  during  taxi. 

Unfortunately,  a  conventional  passive  gear  can  only  be  optimized  for  maximum  dynamic 
performance  in  one  mode  of  operation  and  that  has  historically  been  the  touchdown  mode. 

In  response  to  this  mechanical  shortcoming  the  dual  mode  oleo  was  conceived. 

The  principle  of  the  dual  mode  concept  is  to  permit  the  landing  gear  oleo  to  function 
in  one  of  two  possible  passive  modes:  one  optimized  for  touchdown  performance  and  the 
other  optimized  for  taxi  performance. 

A  typical  operational  sequence  would  occur  as  follows: 

11  During  flight  the  landing  gear  dual  mode  mechanism  is  positioned  in  the 

touchdown  mode. 

2)  During  touchdown  (probably  after  the  first  or  second  rebound)  a  signal  is 
received  from  some  source  (either  external  to  the  oleo  or  internal)  causing 
the  mechanism  to  switch  to  the  taxi  mode. 

3)  The  oleo  remains  in  the  taxi  mode  until  another  signal  is  received  immediately 
after  liftoff.  The  cycle  is  then  repeated. 

Two  hardware  dual  mode  concepts  developed  by  Boeing  are  designed  to  improve  ground  roll 
characteristics  for  aircraft  with  damping  dependent  suspensions  and  aircraft  with 
stiffness  dependent  suspensions. 


LANDING  GEAR  TESTS 


Many  testing  tools  are  used  both  during  and  after  landing  gear  design  to  substantiate 
strength,  life,  and  performance. 

A.  Structural  Tests 

(1)  Photostress 

The  use  of  photostress  has  become  standard  practice  to  determine  stress  levels 
and  direction  in  the  transition  areas  of  all  complex  gear  parts.  Usually  the 
complete  gear  is  built  out  of  plastic  as  soon  as  the  drawings  are  available 
and  checked  by  photostress,  followed  by  strain  gaging.  This  permits  local 
changes  to  be  made  before  the  tooling  is  completed  for  the  parts.  The 
photostress  process  is  repeated  when  the  first  gear  is  loaded  prior  to  fatigue 
testing. 

(2)  Fatigue  Test 

Since  the  landing  gear  is  usually  a  fail-safe  structure,  the  FAA  now  requires 
substantiation  of  gear  life  by  fatigue  testing.  All  the  various  gear  loading 
conditions  are  applied  in  blocks  to  simulate  those  loads  expected  to  be 
typical  for  normal  service.  The  gears  are  completely  dismantled  and  inspected 
periodically  to  check  for  cracks,  wear,  galling,  etc. 


13-12 


(3)  Static  Test 

Static  testing  to  ultimate  load  is  not  a  requirement  but  is  sometimes  used  to 
determine  growth  potential.  Since  most  parts  of  the  gear  are  designed  by 
fatigue  conditions,  it  is  common  to  find  generous  margins  of  safety  under 
ultimate  loads;  therefore,  static  testing  probably  does  not  justify  the 
expense  involved. 


(4)  Detail  Tests 

Detail  parts  or  features  are  often  fatigue  tested  or  static  tested  separately 
from  the  above  tests.  Gear  breakaway  or  fuse  details  are  often  testing  in 
detail,  if  analysis  is  in  doubt  and  where  precise  failure  modes  are  required. 

B.  System  Tests 
Cl)  Drop  Test 

The  drop  testing  of  the  gear  is  required  to  develop  and  substantiate  the 
energy  absorption  characteristics  of  the  shock  strut.  This  test  is  conducted 
by  the  gear  vendor  under  aircraft  manufacturer's  direction.  The  number  of 
official  drop  test  conditions  can  vary  from  as  few  as  20  to  perhaps  SO  or  60. 
The  variables  include: 

o  Landing  weight 

o  Sink  speed 

o  Level  attitude 

o  Tail  down  attitude 

o  Wheel  speeds 

Drop  testing  is  accomplished  by  loading  the  gear  in  a  jig  mounted  in  a 
vertical  tower.  The  jig  can  be  loaded  with  varying  weights.  The  jig  is 
hoisted  to  appropriate  heights,  depending  on  the  desired  sink  speed,  and 
allowed  to  drop  free,  the  wheels  "landing"  on  a  calibrated  platform  to 
determine  vertical  and  drag  loads.  The  effect  of  spinning  up  the  wheels  upon 
landing  is  simulated  by  spinning  the  wheels  to  the  desired  landing  speed 
before  the  drop,  whereupon  the  wheel  rotation  is  abruptly  stopped  when  contact 
is  made  with  the  ground  platforms. 

The  drop  test  is  also  used  to  substantiate  the  capabiility  of  the  gear  to 
sustain  over-load  landings  without  structural  failure  and  to  obtain  data 
points  for  fatigue  analysis. 

(2)  Retraction  Test 

As  rapidly  as  production  parts  can  be  acquired,  both  the  main  and  nose  gear 
retraction  systems  are  laboratory  tested.  All  production  parts  involved  in 
the  retraction  are  tested,  including  lock  and  door  systems.  The  parts  are 
mounted  in  a  jig  fixture  so  that  the  entire  airplane  system  can  be  operated. 
Parts  that  are  not  designed  or  affected  by  retraction  loads  are  usually 
dummies.  The  gear  weights  must  be  simulated,  and  compressed  air  cylinders  are 
commonly  usesd  to  simulate  aerodynamic  forces  on  the  gear  and  doors.  These 

tests  serve  three  functions: 

(a)  The  rig  is  used  for  as  long  as  two  or  three  months  to  tune  and  adjust  the 

hydraulic  and  mechanical  systems  systems  so  the  gear  operates  smoothly 

without  large  impact  forces  (thus  noise).  The  manual  extension  system  is 
proved  out,  and  often  changes  are  made  to  locking  springs,  snubbing 

orifices,  etc.  to  ensure  positive  gear  operation  under  all  conditions. 
Needless  to  say,  this  phase  of  the  testing  should  be  completed  as  early 
as  possible  so  that  all  important  design  changes  can  be  implemented  prior 
to  first  flight. 

(b)  The  second  use  made  of  the  retraction  test  is  to  provide  service  life  of 

moving  parts.  A  minimum  life  of  25,000  flight  cycles  has  proved  to  be  an 
adequate  demonstration  that  the  wearing  parts  such  as  seals,  bearings, 
bushings,  locks,  etc.  will  servive  one  overhaul  in  airline  service. 

Frequent  teardown  inspections  are  conducted  in  the  early  cycling  for 
evidence  of  premature  wear.  Any  part  that  is  badly  worn  or  destroyed  at 
25,000  cycles  should  be  redesigned. 

(3)  Beginning  with  the  727,  the  retraction  testing  was  continued  far  beyond 
the  25,000-cycle  point.  The  continuing  phase  of  testing,  to  as  many  as 
150,000  cycles  in  the  case  of  the  737,  is  required  to  prove  adequate 

fatigue  life  of  all  the  structural  mechanism.  Our  707  and  727  experience 
has  taught  us  that  the  failure  to  test  and  prove  fatigue  life  of  many 
parts  in  the  retraction  mechanisms  can  have  serious  safety  implications. 
Strain  gaging  is  employed  in  many  locations  in  the  Fhae  I  tests  to 
provide  the  Stress  Group  with  improved  data  for  fatigue  analysis. 
However,  due  to  the  complex  shapes  of  many  mechanism  parts,  the  only 
final  proof  of  fatigue  life  is  Atual  cycling.  The  most  important  safety 
aspects  are  absolute  assurance  that  the  gears  can  be  unlocked  from  UP, 
reliable  sequencing  of  doors,  and  100t  reliability  of  snubbing  in  the 
extend  cycle.  A  landing  gear  extending  to  DOWN  without  benefit  of 
hydraulic  snubbing  will  generally  destroy  the  brace  mechanism  and  allow 
the  gear  to  dangle  free.  The  subsequent  landing  will  then  be  an 
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emergency  type,  with  the  danger  of  ground  loops,  wheels  up  landing,  and 
possible  fire.  The  extended  fatigue  test  cycling  will  also  prove  useful 
to  continue  comparison  tests  of  various  different  bearings  and  optimize 
the  final  production  selection  before  too  many  airplanes  have  been 
produced. 

This  series  of  tests  will  usually  continue  for  a  year  or  more  after  the  first 
flight. 

C.  Shimmy  Testing 

Landing  gear  shimmy  is  an  unstable  condition  caused  by  the  coupling  of  the 
torsional  mode  with  side  bending  mode  of  the  gear.  The  shimmy  characteristics 
of  a  gear  are  analyzed  by  computer  simulation  as  soon  as  reliable  spring  rate 
information  is  available.  The  exposure  to  shimmy  is  great  on  all  nose  gears 
and  main  gears  having  laterally  disposed  wheels.  An  additional  tool  for 
checking  gear  shimmy  is  the  flywheel  dynamometer.  The  entire  landing  gear 
must  be  used  and  mounted  by  actual  or  simulated  support  structure. 
Combinations  of  load,  yaw,  tire  unbalance,  gear  slop,  and  speed  must  be  run, 
with  an  abrupt  torional  excitation  artifically  applied  by  apply  one  brake  or 
applying  an  abrupt  punch  to  the  end  of  the  axle. 

D.  Wheel  and  Brake  Testing 

The  flywheel  dynamometer  is  the  basic  tool  for  testing  wheels  and  brakes.  The 

dynamometer  consists  of  a  large  road  wheel  that 

is  spun  up  to  the  desired  speed  by  an  electric  motor.  The  mass  of  the  wheel  can  be 
varied  to  obtain  the  desired  kinetic  energy.  One  wheel,  brake,  and  tire  is  mounted 
on  an  axle,  which  is  attached  to  a  hinged  arm.  The  dynamometer i s  brought  up  to 

speed  with  the  tire  off  the  wheel.  When  the  desired  wheel  speed  is  established, 
the  wheel  is  allowed  to  coast.  The  mandrel  arm  is  then  "landed"  on  the  road  wheel 
with  sufficient  force  to  obtain  a  predetermined  rolling  radius  and  the  brake  is 

applied.  By  this  means  all  necessary  data  is  obtained  to  assess  brake 

performance.  This  information  includes  continuous  plots  of  speed,  torque,  and 
distance,  and  a  large  number  of  brake  temperature  readings. 

Wheels  are  static  tested  to  ultimate  and  yield  load  with  tires  installed,  and  are 
usually  roll  tested  several  thousand  miles  to  establish  fatigue  life. 


INSTRUMENTATION 


As  indicated  above,  a  considerable  amount  of  testing  is  done  in  the  development  of  the 
landing  gear  system.  This  testing  involves  a  large  range  of  variables  and  a  variety  of 
test  facilities.  Tables  2  through  6  indicate  the  variables  and  the  measurement  means 
for  some  of  these  tests. 

The  usefulness  of  test  depend,  to  a  large  extent,  on  the  ability  to  accurately  measure 
the  test  data  and  to  transform  it  into  meaningful  information.  In  some  tests  this  is  a 
simple  task.  For  example,  the  test  may  be  simply  pass/fail,  as  in  fatigue  tests.  Most 
often,  detailed  performance  data  is  required.  Measurement  of  the  data  is  generally  not 
a  problem,  but  recording  and  reduction  of  the  data  can  be  difficult. 

Three  systems  are  commonly  used  for  data  recording: 

1.  Light  beam  oscillograph 

2.  Multiplexed  tape 

3.  Wide  bandwidth  FM  tape 

The  lightbeam  oscillograph  provides  data  with  good  bandwidth  and  allows  quick 
determination  of  data  trends.  But  detailed  reduction  must  be  done  by  hand. 
Multiplexed  tape  provides  a  recording  medium  for  a  large  number  of  variables  in  a  form 
easily  processed  by  digital  computers.  Because  it  is  a  data  sampling  system,  the 
available  bandwidth  is  limited  by  the  number  of  recorded  variables.  FM  tape  provides 
the  widest  bandwidth  but  only  for  a  very  limited  number  of  variables.  Each  system  has 
its  place,  and  successful  testing  requires  proper  selection  of  the  recording  method. 

A  LOOK  INTO  THE  FUTURE 

The  future  of  landing  gear  systems  hold  the  promise  of  considerable  advancement.  The 
availability  of  digital  electronic  systems  will  provide  increased  sophistication  in  the 
antiskid  system.  In  addition,  systems  which  optimize  both  braking  and  directional 
control  are  in  development.  Active  shimmy  damping  is  a  possibility. 

Increased  emphasis  on  ride  quality  will  result  in  gears  which  produce  lower  fatigue 
loading.  This  will  provide  the  military  with  improved  surviablity  3nd  increased 
capacity  to  operate  from  unprepared  and  semi  -  prepared  fields. 

Carbon  composite  brakes,  rlready  in  use  in  military  aircraft,  will  become  available  on 
commercial  transports.  Tire  design  will  improve  both  through  construction  technique, 
eg,  radial  cord,  and  advanced  materials. 


Inflation/deflation  svsteras  will  also  receive  serious  consideration  for  austere  field 
operation  to  enhance  aircraft  flotation.  Training  simulators  will  be  much  more 
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representative  of  ground  roll,  landing  and  take-off  operation  due  to  added  landing  gear 
models . 
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Figure  1.  Landing  Gear  System  Matrix 
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Figure  2.  Cost  Factor  Vs.  Roll  Mi  fas 
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Figure  6.  Antiskid  System  Efficiency  Improvements 


Table  I.  Tire  Properties  and  Related  Terms 


Foot  Print  Atm 

Pneumatic  Caster 

Braking  Force  Coefficient 

Rolling  Radius 

Cornering  Force  Coefficient 

Slip  Angle 

Vertical  Force  Coefficient 

Yaw  Angie 

Yawed  Rolling  Coefficient 

Wheel  Angular  Velocity 

Drag  (Fora  and  Aft)  Force 

Lateral  Hystareais 

Lateral  or  Cornering  Force 

Torsinal  Hysteresis 

Fore  and  Aft  Spring  Force 

Vertical  Tire  Deflection 

Lateral  Spring  Force 

Polar  Moment  of  Inertia 

Circumferential  Decay  Length 

About  Axle 

Fore  and  Aft  Spring  Constant 

(Tire,  Tire  and  Wheal) 

Torsional  Spring  Constant 

Pneumatic  Trail 

Lateral  Spring  Constant 

Cornering  Power 

Inflation  Pressure 

Table  2.  Typical  Brake  data  from  Dynamometer *  Tests 


‘SmuMi  aircraft  K.E.  and  load  tin  so  no  Abiding  aeon 
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RECHERCHE  EES  LIMITES  DE  FCNCTICNNEMENT  D'UN  ROTOR  D'HEUCDPTERE  EH  VITESSE  E7T  FACTEUR  DE  CHARGE 

par 

B.  Certain  et  J.M.  Besse 
BP  13,  13772  Nteurignane 


I  .  INTRODUCTION  - 

Le  rotor  principal  de  1 ' hel icoptere  a  toujours  ete  1'origine  de  la  plupart  des  limitations  du  domaine 
de  vol . 

Sur  les  machines  modernes,  les  charges  transmises  au  rotor  se  sont  encore  accrues  pour  plusieurs  rai¬ 
sons  : 

-  Puissance  installee  importante  due  a  la  bimotor i sation  et  au  desir  de  conserver  des  performances 
correctes  au  decollage  apres  panne  d'un  moteur  et  par  temps  chaud  ou  en  altitude. 

-  Vitesses  de  translation  elevees,  consequence  bien  sur  de  la  motorisation  mais  aussi  d'un  affinement 
important  des  fuselages,  surtout  par  1' adopt  ion  de  trains  d' atterrissage  rentrants  et  de  capotages 
de  mat . 

-  Charge  au  disque  elevee,  permise  par  la  surmotorisat ion . 

De  plus,  d' importantes  evolutions  technologique s  permettent  aux  ensembles  m3t,  moyeu,  pales,  de  suppor¬ 
ter  des  taux  de  contraintes  eleves  :  II  s'agit  bien  sur  de  1 'util isat ion  des  fibres,  verre  et  carbone, 
des  articulations  lamifiees  ou  encore  des  amortisseurs  viscoelast iques . 

Cette  recherche  quasi  systemat ique  d'un  fonct ionnement  aux  limites  aerodynamiques  des  profils  pose  des 
problemes  nouveaux  d'ordre  theorique  (aerodynamique  instationnaire)  mais  aussi  de  technique  d'essais, 
les  reponses  des  profits  modernes  etant  peu  connues  en  regard  de  1 'experience  acquise  sur  le  bon  vieux 
NACA  0012  utilise  exclusivement  sur  nos  helicopteres  jusqu'S  un  passe  recent. 

A  partir  de  1 ' exempt e  du  SA.365N  dit  DAUPHIN  "COAST  GUARD"  (bimoteur  2  x  440  kW)  qui,  d  la  masse 
maximum  de  3850  Kg,  realise  en  palier  plus  de  1 60  kt  au  niveau  mer,  on  va  rappeler  brievement  les 
origines  des  "murs"  qui  bordent  le  domaine  de  vol  de  1 ' hel icoptere ,  puis  on  decrira  les  moyens  de 
mesure,  de  surveillance  en  vol  et  de  depouil lement .  Enfin,  la  methode  d'essai  sera  decrite  et  montree 
par  un  petit  film  pris  au  cours  des  phases  de  vol  aux  limites  du  domaine. 


2.  PHENOMENES  PHYSIQUES  CONDUISANT  A  DES  LIMITES  - 


C'est  le  probleme  classique  de  la  pale  reculante  qui  doit  garder  une  certaine  portance  alors  que 
la  vitesse  relative  de  l'air  devient  faible  et  meme  s'annule  vers  le  centre  (cercle  d ' inversion) . 


L' incidence  sur  les  profils  augmente  et  l'on  note  l’apparition  de  contraintes  elevees  sur  les 
bielles  de  pas. 


La  planche  n°  1  raontre  1' evolution  de  ce  signal  en  fonction  du  facteur  de  charge  sur  la  premiere 
generation  de  pales  du  365N. 


On  remarque  que  la  divergence  devient  visible  en  pale  avant,  s'instal'e  dans  la  plage  jaune  et 
conmence  3  decroitre  au  milieu  de  la  plage  bleue,  c'est  a  dire  3/4  arriere. 


Au  signal  qui  pour  n  ■  1  g  est  du  I uS  presque  pur,  se  superpose  une  forte  modulation  en  6  qui 
correspond  a  une  reponse  du  mode  de  torsion  de  la  pale. 


La  planche  n°  2  donne  une  explication  schema tique  de  ce  phenomene  connu  sous  le  nom  de  "STALL 
FLUTTER" . 


Les  courbes  noires  represented  la  polaire  d'un  profil  obtenue  en  soufflerie  (Cz  ■  f  («*«.)  - 
Cm  =  f  ( d  )  ) . 


Les  courbes  en  couleur  sont  les  polaires  instationnaires,  c'est  S  dire  les  relations  reliant  la 
portance  et  le  moment  3  lf incidence  alors  que  le  profil  oscille  en  incidence  autour  a 'une  valeur 
moyenne  de  *_  5°  . 

Sans  entrer  dans  les  details,  on  peut  dire  que  1* incidence  de  decrochage  n'est  plus  fixe  mais 
depend  de  la  vitesse  de  sa  variation,  le  decrochage  etant  repousse  lorsque  1' incidence  augmente 
et  au  contraire  persiste  d'autant  plus  que  1' incidence  deeroit  vite  . 

Le  fonct  ionnement  helicoptere  correspond  aux  deux  premiers  cas  (  -  7  +  5  sin  ^t  et  *  1 5  +  5 

sin  (jS  t ) . 

Dans  ce  second  cas,  on  note  une  evolution  curieuse  du  Cm  *  f  (  oO  en  forme  de  8  et  l'on  demontre 
que  dans  la  partie  hachuree,  l ' amor t i ssement  est  negatif,  le  profil  absorbe  de  l'energie  venant 
de  l'air.  On  constate  par  ailleurs  que  ce  phenomene  se  produit  pour  les  faibles  incidences  du 
cycle  et  on  retrouve  le  fait  constate  sur  le  signal  biellette  de  la  planche  n°  1,  que  l'on  voit 
diverger  a  partir  de  la  pale  avanqante  alors  que  1' incidence  est  encore  faible  et  converger  dans 
une  zone  ou  elle  est  encore  forte.  /.. . 
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Ce  phenomene  n'est  jamais  divergent,  1 ' amort issement  sur  un  cycle  €tant  positif  mais  il  peut 
engendrer  des  contraintes  trds  impprtantes  par  excitation  du  mode  de  torsion. 

line  solution  a  ete  trouvee  &  ce  probleme  en  cent rant  1' ext  remite  de  pale  plus  avant «  L' augmenta¬ 
tion  de  vrillage  en  pale  reculante  due  &  cet  accroi ssement  de  rappel  &  plat  diminue  notablement 
1* incidence  en  bout  de  pale. 

2.2.  -  Le  Mach  limite  - 


En  pale  avanqante,  le  Mach  atteint  par  I'extremite  peut  etre  grand  et  l'on  se  heurte  aux  problemes 
de  transsonique,  c'est  a  dire  augmentation  rapide  de  la  trainee  et  apparition  de  moments  dus  au 
recul  du  foyer  des  profils. 

La  planche  n°  3  montre  la  complexite  du  phenomene  sur  quatre  parametres  : 

(1)  Contrainte  de  1  *  amort isseur  de  trainee  viscoelast ique, 

(2)  Contrainte  de  trainee  emplanture  pale, 

(3)  Battement  emplanture  pale, 

(4)  Biel let te  de  pas. 

Au  cours  de  cette  phase  de  vol,  le  Mach  est  proche  de  0, 97  realise  avec  des  pales  a  profil  OA  209. 

On  constate  sur  la  trainee  une  forte  modulation  en  u//2  et  une  forte  variation  du  signal  biellette 
a  la  limite  des  zones  de  couleurs,  juste  en  position  pale  avan^ante.  Ce  dernier  signal  est  aussi 
module  en  ui /2  et  le  phenomene  n'apparait  visiblement  qu'un  tour  sur  deux. 

Ceci  a  pour  consequence  un  dereglage  en  track  du  rotor,  chaque  pale  ayant  deux  trajectoires  possi¬ 
bles  qu'elle  decrit  en  alternance. 

Vu  de  la  cabine,  le  rotor  semble  faire  un  peu  ce  qu'il  veut .  La  encore  les  contraintes  peuvent 
devenir  tres  importantes. 

Pour  reculer  l'apparition  de  ce  phenomene,  un  effort  tout  particulier  a  ete  fait  sur  les  profils 
et  la  planche  n°  4  donne  quelques  resultats  comparatifs  en  prenant  comme  reference  le  NACA  0012. 

On  caracterise  un  profil  par  la  valeur  de  Mach  pour  laquelle  le  gradient  de  trainee  dCx/dM  atteint 

0,1. 

La  partie  gauche  de  la  planche  n°  4  donne  le  Mach  critique  a  portance  nulle.  On  voit  que  le  NACA 
0012  atteint  0,8,  que  les  profils  type  SA *131  (PUMA)  permettent  d’aller  jusqu'a  0,85  et  la  serie 
des  0A2  jusqu'a  0,87. 

On  notera  1' importance  de  l'epaisseur  relative. 

La  partie  droite  donne  les  memes  caracteri  tiques  mais  a  portance  non  nulle.  Les  profils  modernes 
gardent  un  avantage  jusqu’S  0,3  de  Cz  environ. 

Bien  que  tres  significatives(et  sur  le  plan  performances  aussi),  ces  ameliorations  de  profils  ne 
suffisent  pas  a  couvrir  le  domaine  revendique  aujourd'hui  par  les  helicopteres  les  plus  modernes. 

II  a  fallu  travailler  I'extremite  de  pale,  avec  des  saumons  en  fleche,  dont  l'effet  n'est  pas  celui 
de  la  fleche  d'une  aile  d’avion,  mais  sert  a  creer  un  centre  de  poussee  en  arriere  de  l'axe  de 
torsion  de  la  pale,  ce  qui  la  stabilise  et  diminue  les  variations  de  vrillage  dues  aux  moments 
aerodynamiques . 


3.  MOYENS  D'ESSAIS  - 

De  ce  rapide  expose,  il  ressort  que  la  surveillance  de  certains  efforts  est  necessaire  pendant  le  vol 
afin  d'alerter  l' equipage  de  I’approche  de  phenomenes  dont  le  declenchement  est  assez  brutal,  meme  s'ils 
ne  sont  pas  expLosifs. 

Par  ailleurs,  d'une  maniere  generate,  ces  augmentations  de  niveau  de  contraintes  ne  sont  sensibles  a 
bord  par  des  vibrations  que  lorsque  les  phenomenes  sont  deja  profondement  installed,  l’aide  de  la  tele- 
mesure  est  done  imperative. 

En  dehors  de  cette  fonction  de  surveillance,  1 ’ instal lac  ion  d'essai  permet  d'enregistrer  A  bord  un  grand 
nombre  de  parametres  vibrations  et  contraintes  ainsi  que  tous  les  parametres  de  vol  a  evolution  lente 
traites  en  numerique  (PCM). 

Au  sol,  pendant  les  vols  et  apres  ceux-ci,  cette  masse  d * informati on  doit  etre  traitae  et  analysee. 

I^s  planches  n9  5a  16  vont  nous  aider  a  decrire  une  telle  installation  en  prenant  toujours  le  SA.365N 
comme  exemple. 


3.1.  -  Installation  embarquee  - 

Les  photos  n°  5  et  6  representent  un  moyeu  STARFLEX  equipe  de  ces  jauges  et  de  son  colleeteur 
dans  lequel  il  passe  40  voies  environ  comprenant  les  contraintes  battement  et  trainee  pales, 
biellette  de  pas,  contraintes  moyeu  dan.»  les  bras,  la  partie  centrale,  deplacement  adaptateur 
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de  frequence,  flexions  mat,  accSleros  3  axes  sur  la  tete,  etc... 

Ces  paramdtres  et  ceux  venant  de  la  structure  et  du  rotor  arrifere  sont  amenes  h  une  baie  dont  la 
planche  n°  7  donne  le  principe.  Les  paramdtres  sont  cal ibrSs  dans  une  serie  d'amplif icateura .  Un 
tableau  de  melange  permet  d'envoyer  chaque  voie  dans  I'un  des  12  canaux  des  8  multiplex.  En  effet 
(  le  choix  de  la  position  n'est  pas  arbitraire,  tous  les  canaux  n'ayant  pas  la  meme  bande  passante. 

(La  bande  passante  de  chaque  voie  est  pxoportionnelle  &  la  frequence  de  la  sous  porteuse  corres- 
pondante.  Les  sous  porteuses  sont  echelonnees  afin  de  separer  1' information  au  moment  de  la  combi  - 
naison  des  voies  et  de  permettre  sa  reconstitution  par  filtrage  lore  de  la  lecture  de  la  bands). 

Ensuite,  les  signaux,  apres  melange,  sont  enregistres  sur  magnetique  avec  une  base  de  temps  et 
les  conversations  equipage  et  telemesure. 

Une  partie  de  1 1  inf ormat ion  peut  etre  visual isee  A  bord  sur  des  scopes  (cas  des  gros  helicopte- 
res),  mais  surtout  12  voies  sont  envoyees  en  telemesure  par  un  emetteur  (20  W  bande  P) . 

Les  photos  n°  8  et  9  representent  cette  installation  d  bord  du  365N.  On  notera  a  gauche  I'enre- 
gistreur  magnetique,  &  droite  les  ampl if icateurs  et  en-dessous  les  platines  des  multiplex. 

Le  poids  total  embarque,  compte-tenu  des  fils  et  de  la  partie  PCM,  est  de  250  Kg.  environ. 


3.2.  -  Au  sol ~ 


Telemesure  - 


La  planche  n°  10  decrit  cette  installation  :  L'operateur  est  relie  par  VHF  a  1 *hel icoptere  en 
essais.  II  dispose  essentiellement  de  deux  scopes  sur  lesquels  sont  envoyes  les  parametres  A 
surveiller  et  leurs  limitations  (il  reqoit  aussi,  non  represente  ici,  le  message  PCM  complet  qui 
lui  permet  d’avoir  en  lecture  directe  position  des  commandes,  vitesse,  ait... etc). 

Ici,  les  moyens  de  calcul  sont  limites  3  des  analyseurs  analogiques  capables  de  donner  les spec¬ 
tres  des  signaux  requs.  En  effet,  compte-tenu  du  temps  de  reaction  tres  court  dont  dispose 
l'operateur,  ce  sont  essentiellement  les  scopes  qui  sont  utilises. 

Les  photos  n°  II  et  12  montrent  cette  piece  avec  ces  scopes,  son  recepteur  et  son  enregistreur 
magnetique . 


► 
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Depouillement  - 

Pendanf  le  vol,  mais  surtout  apres  le  vol,  1 ' inf ormat ion  contenue  dans  la  bande  magnetique  de 
bord  va  etre  exploitee  par  un  ordinateur.  La  planche  n°  13  resume  les  differentes  fonctions 
real i sees  par  un  MITRA  125. 

L' informat  ion  est  constitute  par  les  12  voies  d'un  multiplex  (qui  sont  traitees  les  unes  apres 
les  autres)  d’une  part  et  par  un  paquet  de  cartes  const ituant  les  etalonnages  ou  les  niveaux  de 
contraintes  dl  et  ft  ou  toute  autre  information  necessaire  telle  que  les  temps  codes  des  sequences 
a  depouiller. 

Trois  programmes  principaux  sont  en  memo  ire,  les  deux  premiers  font  des  analyses  harmonique  et 
spectrale,  le  troisieme  calcule  les  endonmagement s  des  pieces  principales  au  cours  de  vols  types. 
Les  durees  de  vie  seront  calculees  3  partir  de  ces  resultats  par  le  Bureau  d'Etudes. 

Les  sorties  possibles  sont  la  bande  magnetique,  surtout  util isee  pour  Stocker  les  resultats  du 
troisieme  programme  en  vue  d'un  traitement  statistique  ulterieur. 

Lee  analyses  sont  sorties  soit  sous  forme  de  listing  soit  sur  table  traqante  suit  sur  ecran 
Techtronix  avec  "hard  copy" . 

Les  photos  nc  14,  1 5  et  16  donnent  une  idee  de  1  a  salle  des  machines  (il  y  a  en  fait  deux  MITRA) 
«t  de  leurs  peripheriques , 

La  tendance  est  d'eviter  au  maximum  les  listin^qui  sont  fastidieux  a  exploiter  et  d'obtenir  des 
traces  elaborees. 


Exploitation  - 


Elle  se  ram£ne  toujours  &  verifier  des  niveaux  de  contraintes  afin  d'assurer  la  securite  des  vols 
h  venir  d'une  part,  A  chercher  d’autre  part  les  causes  des  r£ponses  importantes,  e'est  d  dire 
determiner  les  zones  des  spectres  qui  contiennent  le  plus  d'energie.  Tout  le  jeu  consiste  alors 
£  deplacer  les  modes  propres  des  pales  afin  de  diminuer  leur  reponse  en  les  eloignant  des  excita¬ 
tions  fondament al es . 

La  planche  n6  17  est  une  recopie  de  ,rhard  copy"  d’Scran  Techtronix  concemant  l 'analyse  spectrale 
d'un  signal  biellette  de  pas  3  13.000  ft  pour  des  vitesse9  croissantes. 

L'analyse  de  signaux  serablables,  en  battement  et  en  trainee,  permet  de  determiner  les  modes  de 
pales.  . 
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La  planche  n°  18  donne  un  exemple  de  resultat  obtenu  au  banc  par  excitation  du  rotor  par  les 
caamandes  de  vol  pour  difi brents  regimes  rotor.  L'interet  d'une  telle  methode  est  qufau  banc 
les  excitations  sont  connues  en  phase  et  amplitude. 

En  vol,  on  commence  &  arriver  &  des  resultats  mais  en  utilisant  des  methodes  plus  complexes 
basees  sur  les  correlations  croiaees  entre  deux  parametres,  ce  qui  revient  en  quelque  sorte  & 
supposer  que  I'un  est  1* excitation  et  1’ autre  la  reponse. 

Une  fois  connue,ou  supposee  comne  telle,  I’origine  d'un  probleme,  il  faut  encore  pouvoir  effect 
tuer  des  changements  sensibles  sur  les  pales.  La  technologie  des  pales  en  stratifie  nous  aide 
beaucoup  car  elle  permet  d* avoir  des  masses  lineiques  non  constantes  par  introduction  de  masses 
concentrees.  Par  ailleurs,  la  raideur  en  torsion  peut  etre  ajustee  par  variation  de  l1 angle  des 
tissus  de  recouvrement . 

4.  METHODE  D'ESSAIS  - 


Le  domaine  de  vol  est  ouvert  progresaivement  par  des  piques  effectues  d  pas  constant,  a  des  vitesses 
croissantes,  basse  altitude  et  pour  des  masses  moyennes.  Par  la  suite,  la  masse  est  augmentee  jusqu'a 
la  valeur  maximum  desiree  puis  viennent  les  vols  en  altitude. 

Pour  les  facteurs  de  charge,  1* evolution  est  la  meme,  l'essai  se  faisant  a  pas  constant  et  vitesse 
constante. 


La  difficult^  de  ces  essais  reside  dans  la  complexity  de  la  mise  en  oeuvre  (nombre  important  de  para¬ 
metres,  fragilite  des  jauges,  etalonnages  evolutifs,  parasites  ...),  dans  la  rigueur  des  points  d'essais 
surtout  en  ce  qui  concerne  les  facteurs  de  charge  pour  lesquels  la  rapidite  de  mise  en  virage  (ou  de 
sortie)  peut  etre  un  parametre  important. 

Un  suivi  precis  des  configurations  machine  est  indispensable  (masse,  centrage)  ainsi  que  toutes  les 
modif ications,  leur  importance  n'etant  pas  evidente  a  priori. 

Les  equipes  de  1 'AEROSPATIALE  sont  bien  rodees  a  ces  essais  qui  demandent  une  confiance  sans  limite  dans 
une  surveillence  au  sol,  d* ailleurs  jamais  mise  en  defaut  pendant  les  vols  qui  ont  permis  la  mise  au 
point  et  la  certi ficat ion  d'un  nombre  respectable  d'helicopteres  au  cours  des  20  dernieres  annees. 

Les  fruits  de  ce  travail  constant  ou  tous  ont  participe  peuvent  se  resumer  dans  les  chiffres  ci-dessous 
qui  fixent  le  domaine  de  vol  du  365N  ouvert  au  debut  de  l’ete  1980. 

-  Masse  maximale  -  3850  Kg. 

A  cette  masse  : 


-  VD  basse  altitude  -  183  kt 
-VDa  13.000  ft  -  140  kt 


-  Facteur  de  charge  maxi  S  140  kt  basse  altitude  a 

-  Facteur  de  charge  maxi  a  100  kt  &  13.000  ft  S  la 


la  puissance  maximale  continue 
puissance  maximale  continue 
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The  problems  of  certification  of  the  fitness  of  military  aircraft  to  enter  service  have  increased 
significantly  with  the  introduction  of  electronic  equipments  into  areas  of  the  aircraft  which  directly 
relate  to  primary  flight  safety.  In  addition  to  the  effects  of  self-generated  interference,  effects  due 
to  the  external  environment  must  also  be  considered. 

The  establishment  of  adequate  margins  of  safety  for  these  systems  requires  changes  to  equipment  teat 
methods  and  procurement  procedures.  The  problems  are  reviewed  and  alternative  approaches  described. 


1 .  Introduction 


Where  two  or  more  electrical  or  electronic  systems  are  installed  close  to  each  other  and  are  required 
to  function  at  the  same  tine  then  there  is  a  possibility  of  mutual  interference.  The  effect  of  interfer¬ 
ence  may  have  two  forma  -  an  output  from  an  equipaient  where  none  is  intended  or,  alternatively,  a  failure 
to  respond  to  an  intended  signal.  Such  effects  may  range  from  a  nuisance  -  as  with  domestic  radio 
receivers  or  recording  equipment  -  to  hazardous  -  as  with  the  inadvertent  initiation  of  electrically 
detonated  explosives. 

In  the  past,  it  has  generally  been  sufficient  to  conduct  functional  tests  of  the  electrical, 
navigation,  radio  and  radar  equipments  of  aircraft  in  combination  to  establish  the  more  easily  recognised 
interference  effects.  Where  no  significant  effects  were  found,  or  had  been  found  and  effectively  dealt 
with,  a  state  of  electro-magnetic  compatibility  (EMC)  was  considered  to  have  been  established. 

In  the  case  of  explosives  initiated  by  electrical  energy,  which  may  also  be  induced  by  radio  trans¬ 
missions  and  electrical  system  disturbances,  a  more  rigorous  approach  is  token.  The  minimum  energy 
required  for  initiation  is  determined  for  the  detonator  in  isolation  and,  using  a  simulated  detonator,  the 
energy  levels  present  in  the  aircraft  are  determined  during  operation  of  the  aircraft  systems.  EMC  is  only 

considered  to  be  established  if  the  ratio  of  energy  levels  is  greater  than  an  acceptable  minimum. 

Recent  developments  in  aircraft  design  have  required  the  introduction  of  complex  electronic  equipewnts 
into  engine  and  flight  control  systems  to  replace  mechanical  and  electrical  components.  The  authority  of 
these  systems  is  becoming  such  that  the  effects  of  interference  could  present  a  hazard  to  the  safety  of 

flight  and  it  follows  that  a  margin  of  safety,  similar  to  that  quantified  for  explosives,  needs  to  be 

established.  The  probability  of  the  continuing  performance  of  such  equipments  is  carefully  considered 
during  reliability  studies.  Since  interference  can  well  result  in  an  equal  loss  of  performance  then 
equal  attention  is  required  to  the  establishment  of  EMC. 

The  performance  of  these  safety  critical  equipments  is  achieved  by  the  use  of  modern  semi-conductor 
components  which,  due  to  the  lower  operating  signal  levels  required  and  their  capability  of  dealing  with  a 
wider  range  of  frequencies,  have  a  higher  potential  sensitivity  to  interference.  Similar  sensitivities 
are  now  to  be  found  in  existing  aircraft  where  new  versions  of  the  older  types  of  equipment  are  introduced. 
These  vulnerable  equipments  are  now  being  installed  in  strike  aircraft  and  helicopters  where  the  moat 
severe  Interference  environments  are  to  be  found  due  to  the  high  packing  density  of  both  equipments  and 
wiring.  The  introduction  of  digital  computers  and  associated  data  transmission  raises  further  problems  in 
the  definition  of  appropriate  aircraft  tests. 

Experience  has  also  shown  the  need  to  assess  the  effects  of  the  electro-magnetic  fields  through  which 
the  aircraft  must  fly.  These  external  fields  are  produced  by  communication  and  radar  transmitters  sited 
on  land,  on  other  aircraft  and  on  ships  whilst  the  aircraft  itself  behaves  as  a  combination  of  crossed 
dipole  antennae-  The  total  problem  is  illustrated  in  Figure  1. 

2 .  Safety  Margins 

The  need  to  achieve  EMC  in  aircraft  (and  other  major  systems)  including  the  need  to  establish  safety 
margins  for  those  equipments  which  are  adjudged  to  be  flight  critical,  is  recognised  in  Military 
Specification  -E-6051D  dated  September  1967.  This  specification  requires  that  the  prime  contractor  shall 
establish  an  overall  EMC  programae  and  that  a  board,  consisting  of  contractors,  sub-contractors  and  the 
Government  representatives,  shall  be  set  up  to  control  the  programme  and  to  expedite  solutions. 

Systea  requirements  are  set  out,  including  consideration  of  the  external  environment  together  with  the 
exhortation  "that  every  effort  shall  be  made  to  meet  these  requirements  during  initial  design  rather  than 
on  an  after-the-fact  basis”.  A  demonstration  of  compatibility,  with  the  equipments  in  the  final  syatea 
operated  in  combination,  is  required  and  demonstration  of  compatibility  between  aircraft  during  formation 
flying  ie  specifically  mentioned.  The  need  to  establish  safety  margins  for  equipments  whose  upset  due  to 
interference  could  lead  to  a  disastrous  result  such  as  loss  of  aircraft/life  or  mission  failure  is  stated. 
The  safety  margin  required  is  6dB  (a  voltage/current  ratio  of  2/1)  for  general  equipments  and  20dB  (10/1) 


for  «xplosi,«s  although  no  justification  la  given  for  either  value 


A  sargin  of  safety  in  this  context  can  be  defined  as  the  ratio  by  which  the  level  needed  to 
upset  an  equipaent  (the  susceptibility  threshold)  exceeds  the  aaxiaua  level  of  interference  likely 
to  be  experienced  by  the  installed  equipaent  froa  aircraft  interference  sources  and  froa  the  external 
environment  likely  to  be  encountered  during  aircraft  operation.  Present  equipaent  susceptibility 
tests,  such  as  MIL-461  which  is  required  by  MIL- £-605 ID  and  is  applied  to  equipaent  in  isolation 
during  qualification,  specify  levels  which  the  equipaent  aust  withstand.  Although  these  levels  have 
been  raised  over  recent  years,  the  aargin  by  which  the  equipaent  seats  the  specification  -  which  aay 
range  froa  a  large  to  a  saall  amount  is  not  quantified. 

This  lack  of  inforaation  is  particularly  acute  with  regard  to  the  control  and  signal  inputs  of 
equipaents  which  have  been  found  to  be  the  major  paths  of  interference.  The  radiated  susceptibility 
tests  which  are  designed  to  establish  the  adequacy  of  these  inputs  suffer  froa  uncertainty  of  the 
amplitude  of  the  representative  fields  generated  in  existing  test  rooas.  Even  if  th.be  uncertainties 
could  be  removed  and  the  tests  could  be  re-designed  to  establish  the  susceptibility  threshold,  such 
inforaation  would  only  be  of  direct  use  if  a  coaparison  with  the  field  conditions  present  at  the  equlpaont 
installation  within  the  aircraft  could  be  made.  The  measurement  of  the  parameters  of  the  field  within  a 
strike  aircraft  (E,  H  and  Z  -  since  we  are  concerned  with  power  transfer)  using  conventional  antenna  and 
measuring  receivers  is  often  physically  impossible. 

Apart  from  the  procedure  used  with  explosives  (mentioned  earlier)  a  form  of  margin  has  been  estab¬ 
lished  by  recording  the  conditions  found  in  aircraft  cables  and  subsequently  re-injecting  these  signals 
into  the  aircraft  wiring  at  a  higher  level.  This  process  (developed  by  the  West  Oerman  Government  agency 
at  E  8l)  includes  amplification  of  the  output  of  radio  transmitters  before  coupling  to  the  aircraft 
antenna.  This  "antenna  enhancement"  method  hAs  been  used  in  the  UK  in  some  frequency  bands.  Apart  from 
the  power  handling  limitations  of  the  aircraft  antenna,  the  output  of  the  transmitter  which  is  to  be 
enhanced  presents  a  problem  since  the  transmitter  specification  only  requires  a  minimum  output  to  be 
generated.  The  maximum  output  is  therefore  unknown.  A  recent  UK  survey  (deference  l)  has  shown  the 
conditions  at  one  equipaent  can  vary  by  a  ratio  of  4/1  across  an  aircraft  fleet  due  to  the  variation  of 
transmitter  outputs  and  differences  in  the  airframe  ana  wiring.  Thus  the  adequacy  of  the  6dB  margin 
(2/1  ratio)  required  by  MIL-E-6051D  must  be  in  doubt. 

High  power  external  sources  such  as  the  Radio  Frequency  Environment  Generator  at  A&AEE  (Reference  2) 
have  been  used  as  a  means  of  enhancement  hut,  because  of  the  uncertainty  of  external  field  effects  on  an 
aircraft  (Reference  3)  it  is  necessary  to  measure  the  normal  and  enhanced  levels  at  the  installed  equip¬ 
ment  for  comparison.  Such  high  power  sources  are  subject  to  frequency  management  and  a  prediction  of  the 
frequencies  at  which  the  equipment  may  be  susceptible  is  required  before  an  effective  teat  can  be  set  up. 

As  stated  earlier,  such  predictions  cannot  be  derived  from  present  qualification  test  results. 

3.  The  Alternative  Approach 

The  optimum  solution  is  seen  to  be  to  establish  a  method  whereby  the  susceptibility  thresholds  of 
equipments  determined  during  qualification  can  be  directly  compared  with  the  levels  found  in  the  installat¬ 
ion  and  the  margin  of  safety  established  directly.  In  order  to  find  such  an  alternative  approach  we  muat 
examine  the  paths  of  interference  from  the  various  sources  to  an  equipment.  These  are  shown  in  Figure  2. 
Interference  may  enter  an  equipment  through  the  cables  -  power  supply,  signal,  control  and  antenna  -  or  by 
fields  penetrating  the  equipment  case.  The  interference  on  the  cables  is  generated  by  other  equipments 
connected  to  the  same  cable,  is  coupled  from  adjacent  cables  within  a  wiring  loom,  or  results  from  the 
effect  of  fields  internal  to  the  aircraft  coupling  with  the  loom  or  cable.  Similar  fields  are  incident 
upon  the  case  of  the  equipment.  The  internal  fields  result  from  radiations  from  other  equipments  and 
cables  and  from  'penetration*  of  fields  external  to  the  aircraft.  The  external  fields  are,  in  turn, 
produced  by  the  aircraft  antenna  systems  or  occur  as  the  external  environment.  The  external  fields  may  of 
course  couple  directly  to  the  equipment  through  its  own  antenna. 

The  possible  alternative  to  the  measurement  and  simulation  of  the  fields  within  the  aircraft  is  the 
measurement  and  simulation  of  the  interference  conditions  within  the  cables  at  their  point  of  entry  to  the 
equipment.  This  approach  assumes  that  the  field  does  not  penetrate  the  case  of  the  equipment  (metal)  or  is 
not  the  dominant  interference  path.  Present  experience  suggests  that  this  is  so  except  for  equipments 
where  such  penetration  could  have  been  predicted  from  visual  inspection.  The  only  routine  measurements 
that  can  be  contemplated  in  strike  aircraft  (and  then  not  without  difficulty)  are  those  of  the  currents  in 
cable  harnesses  using  a  clip-on  current  probe.  The  special  measures  required  to  break  into  the  cables  to 
determine  the  currents  in  individual  cores,  or  to  measure  the  resulting  volvages,  are  not  usually  possible 
without  removing  other  equipments  due  to  lack  of  space.  Such  detailed  measurement®  aust  therefore  be 
confined  to  special  investigations.  The  measurement  of  voltage,  besides  inquiring  the  disturbance  of 
cables,  presents  the  further  problem  of  the  use  of  high  impedance  probes  which  may  also  be  susceptible  to 
the  interference  environment. 

A  further  problem  arises  with  the  measurement  of  conditions  within  the  aircraft  (including  current) 
in  that  if  a  cable  is  used  to  extract  the  signal  to  a  measuring  instrument  outside  the  aircraft,  the 
interference  entering  the  aircraft  through  the  measuring  cable  can  exceed  the  interference  already  present. 
This  problem  has  been  overcome  by  the  use  of  commercially  available  fibre  optic  links  which  are  driven  by 
light  emitting  diodes  and  can  transmit  over  a  distance  of  up  to  50  metres  or  more  to  a  convenient  measure¬ 
ment  point.  Frequencies  up  to  300  MHz  may  be  transmitted  with  the  latest  system.  The  battery  powered 
transmitter  which  is  some  21  cm  long  and  8  cm  diameter  must  be  accommodated  near  to  the  measurement  point 
and  access  provided  for  the  signal  and  remote  control  fibres.  Since  the  largest  amplitudes  of  interfering 
signals  have  been  found  to  result  from  the  narrow  band  outputs  of  ths  on-board  and  external  transmitters  at 
frequencies  related  to  the  aircraft  dimensions,  the  transmitted  inforaation  may  be  conveniently  displayed 
and  examined  on  an  oscilloscope. 


15.) 

Work  is  in  hand  in  OK  to  develop  a  set hod  of  establishing  the  susceptibility  by  a  bulk  current  aethod 
in  which  interference  is  injected  into  equipment  cable  harnesses  during  qualification  (or  subsequently) by 
aeans  of  a  current  probe.  The  difficulty  with  this  approach,  which  is  necessary  for  large  multi-input 
systeas  if  the  teat  tiae  is  to  be  ainiaised,  is  to  establish  that  the  cable  current  divides  between  the 
individual  cores  in  a  Banner  siailar  to  the  division  in  the  aircraft. 

For  less  complex  systeas  with  up  to  eight  inputa/outputs  the  susceptibility  of  each  port  has  been 
established  separately  by  direct  voltage  injection  with  the  equipaent  susceptibility  being  taken  as  the 
lowest  coaposite  of  the  levels  obtained.  The  harness  (bulk)  current  has  been  aeasured  during  this  process 
for  direct  coaparison  with  the  aircraft  conditions.  It  is  argued  that  since  harness  current  will  not 
exceed  the  core  current  during  the  equipownt  tests  and  that  the  core  current  will  be  less  than  the  harness 
current  during  the  aircraft  tests,  a  aeaningful  (although  iaprecise)  coaparison  can  be  aade.  The  process 
is  shown  in  Fig  3.  and  the  results  of  a  coaparison  aade  by  this  aethod  in  Fig  4. 

4.  Design  for  Compatibility 

So  far  in  this  paper  the  probleas  of  aircraft  testing,  the  need  for  the  eetablishaent  of  safety 
aargins  and  alternative  aethods  of  aeasureaent  have  been  considered.  For  critical  systeas,  the  aargin  is 

required  to  establish  a  satisfactory  state,  to  allow  for  variation  between  aircraft  ana  equipaents  during 

production  and  to  allow  for  changes  to  the  characteristics  of  both  during  their  life.  What  aargins  aay  be 
readily  obtained  and  what  aay  be  considered  to  be  adequate  has  yet  to  be  deterained. 

The  procureaent  of  ailitary  aircraft  is  a  coaplex  activity  which  involves  the  resolution  of  the 

requireaent  for  a  total  weapon  delivery  systea  -  as  a  aodern  aircraft  aust  be  regarded  -  into  its 

constituent  parts  and  the  placing  of  contracts  for  their  design,  developaent  and  construction.  The  various 
parts  are  then  brought  together  and  integrated  into  the  total  systea.  The  final  aeasureaent  of  the 
perforaance  of  the  aircraft  -  against  the  original  requireaent  -  is  carried  out  in  the  UK  by  the  Aeroplane 
and  Armament  Experimental  Establishment  at  Boacoabe  Down  and  leads  to  a  recommendation  for  the  release  of 
the  aircraft  to  the  Services.  A  simplified  fora  of  a  procurement  cycle  and  the  EMC  test  process  is  shown 
in  Fig  5. 

More  recent  UK  aircraft  requirements  have  included  a  clause  on  the  following  lines.  The  aircraft  and 
its  installed  equipaent  shall  be  designed  to  operate  without  malfunction  or  unacceptable  degradation  of 
perforaance  in  the  electro-magnetic  environment  generated  by  all  installed  equipments  and  when  operated  in 
the  external  environment  corresponding  to  the  operational  scenario.  Besponsibility  for  the  achievement  of 
compatibility,  including  the  selection  of  qualification  tests  and  subsequent  integration  into  the  airframe, 
is  placed  with  the  aircraft  constructor.  This  responsibility  “xtends  to  existing  equipments  and  Government 
furnished  items  through  a  co-ordination  contract.  An  OK  Control  Board  is  set  up  by  the  aircraft 
constructor  and  visibility  of  its  activities  is  provided  to  the  Government  Project  Director  and  EMC 
specialists  at  the  periodic  meetings  of  an  EMC  Working  Group. 

The  highest  confidence  levels  that  can  be  achieved  in  the  compatibility  of  an  aircraft  will  result 
from  the  confirmation  of  adequate  safety  margins  by  aircraft  tests  on  equipments  which  have  been  purpose 
designed  and  adequately  pre-qualified.  To  this  end,  the  problems  of  final  clearance  and  the  level  of 
confidence  required  are  addressed  from  the  outset  of  the  project. 

Whilst  many  manufacturers  are  engaged  on  the  design  of  equipment  for  compatibility,  the  lack  of  the 
definition  of  the  problem  in  terms  with  which  they  are  familiar  -  the  signals  to  be  processed  -  prevents 
the  establishment  of  the  necessary  design  measures.  It  is  expected  that  the  specification  of  the  cable 
currents  to  be  considered  will  provide  a  way  of  meeting  this  need.  The  design  problem  can  be  reduced  to 
whether  or  not  the  equipaent  can  be  made  into  an  interference  free  environment  by  the  addition  of  filtering 
to  the  input  and  output  circuits.  If  this  is  not  possible,  as  with  high  data  rate  digital  transmission, 
then  the  interference  free  zone  must  be  extended  to  include  the  wiring  harness  and  drive  circuits  in  such 
a  manner  that  continuing  protection  can  be  assured  through  the  life  of  the  aircraft. 

The  ultimate  solution  lies  in  the  understanding  of  the  mechanisms  of  field  penetration  and  coupling 
which  will  allow  the  prediction  of  equipment  conditions  by  calculation.  Research  is  in  hand  and  progress 
is  being  aade,  although  it  is  likely  to  be  a  number  of  years  before  a  sufficient  understanding  will  be 
available. 

5.  Conclusions 

Existing  equipment  qualification  tests,  particularly  those  covering  control  and  signal  inputs,  do  not 
provide  the  information  required  for  the  formulation  of  aircraft  test  plans,  or  for  coaparison  with  the 
conditions  present  in  aircraft  to  provide  a  measure  of  the  safety  margins  available.  It  is  now  necessary 
to  establish  these  margins  for  the  electronic  equipments  in  flight  safety  critical  areas  of  aircraft  in 
addition  to  explosives. 

The  requirements  of  MIL-E-6051D  can  be  met  by  a  proper  comparison  of  equipment  wiring  harness  currents 
aeasured  during  equipaent  and  aircraft  tests. 

Responsibility  for  the  achievement  of  compatibility  is  now  placed  with  the  aircraft  constructor  with 
the  objective  of  achieving  compatibility  during  the  design  process.  It  is  anticipated  that  this  can  be 
achieved  through  the  estimation  of  the  interference  cable  currents  likely  to  be  incident  on  the  equipment 
in  the  final  aircraft  installation. 


Reference 


1.  The  variation  of  induced  currents  on  aircraft  wiring.  P  M  NEWTON,  HU  confersnoa  on  EMC  - 
Southaapton  1980. 

2.  Soaa  OK  techniques  for  assessing  BT  susceptibility  of  electro-explosive  devices  in  aircraft 
syateas.  Sqn  Ldr  T  J  JENKINS  and  Hr  W  OLOHAM,  IEEE  International  Syaposiua  on  EMC  - 
Washington  DC  1976. 

3.  The  testing  of  aircraft  under  near  field  conditions.  N  ELLIOTT,  USE  conference  on  EMC  - 
Southaapton  1980. 

Copyright  ©  Controller  HUSO  London  1980 
Pres  user  rights  to  AGARD  NATO 


COMPARISON  OF  BULK  CURRENTS. 


15-6 


REQUIREMENT 


FIG.  5  AIRCRAFT  PROCUREMENT  CYCLE. 


i 


k  „  k 


!(>-] 


RELIABILITY  AND  MAINTAINABILITY  EVALUATION 
DURING  INITIAL  TESTING 

by 

Jan  M.  Howell 
6510  Test  Wing/TEEES 
Edwards  AFB,  California,  U.S.A.  93523 


SUMMARY 

Extensive  reliability  and  maintainability  (R&M)  evaluations,  both  quantitative  and 
qualitative,  are  accomplished  during  initial  testing  to  ensure  that  the  highest  quality 
weapons  system  is  delivered  to  the  user  within  existing  acquisition  cost  and  schedule 
constraints.  Because  of  the  ever  increasing  cost-of-ownership  of  modern  weapons  systems, 
the  emphasis  on  these  evaluations  is  increasing  proportionately.  This  paper  presents  an 
overview  of  these  evaluations.  The  objectives,  methodology  used  and  information  available 
from  such  evaluations  are  discussed.  The  statistical  analysis  and  methods  normally  as¬ 
sociated  with  the  R&M  engineering  discipline  is  deemphasized  or  relegated  to  appendices 
when  essential . 


INTRODUCTION 

As  modern  weapons  systems  continue  to  increase  in  capability  the  complexity  and  ac¬ 
quisition  cost  increase  also.  These  ever  upward  spiraling  costs  dictate  that  a  weapons 
system  be  as  reliable  and  as  maintainable  within  cost,  performance  and  delivery  schedule 
constraints.  To  achieve  a  satisfactory  level  of  reliability  and  maintainability  a  system 
must  be  tested  to  determine  the  baseline  characteristics.  Then  appropriate  action  must  be 
taken  to  overcome  discrepancies . 

The  complexity  which  caused  initial  high  acquisition  cost  also  caused  lengthy  time 
delays  in  performing  any  redesign  or  buying  different  components  to  implement  a  redesign. 
It  is  common  for  problems  discovered  in  early  testing  to  not  be  fixed  before  100  produc¬ 
tion  systems  have  been  deployed.  To  minimize  the  number  of  systems  which  have  to  be 
retrofitted,  evaluations  must  be  accomplished  as  early  as  possible  in  the  weapon  system 
development  cycle. 

In  the  late  1960s,  the  USAF  Flight  Test  Center  recognized  these  requirements  and 
pioneered  the  development  of  techniques  to  accomplish  R&M  evaluations  during  initial 
testing.  During  the  F-lll,  C-5A,  A-7D  and  UH-1N  test  programs  this  methodology  was  de¬ 
veloped  and  served  the  test  program  with  steadily  increasing  degrees  of  success.  By  1973 
this  methodology  had  matured  and  has  since  been  used  in  every  new  aircraft  test  program 
conducted  by  the  USAF  Flight  Test  Center.  Most  recently  this  methodology  was  used  during 
the  Air  Launched  Cruise  Missile  competitive  evaluation  between  the  AGM-86  and  the  AGM-109. 


OBJECTIVES 

To  achieve  a  quality  weapons  system  at  minimal  cost  requires  that  certain  specific 
objectives  be  attained.  Specifically,  manufacturer  compliance  with  contractual  require¬ 
ments  must  be  evaluated,  resource  requirements  for  the  mature  system  must  be  estimated  and 
deficiencies  (or  opportunities  for  improvement)  must  be  identified. 


Contractor  Requirements : 

From  the  standpoint  of  measuring  the  contractor's  success  in  meeting  requirements, 
every  evaluation  must  be  tailored  to  measure  the  parameters  contained  in  a  given  contract. 
Table  1  contains  a  list  of  some  of  the  more  critical  parameters  commonly  used  to  specify 
reliability  and  maintainability  characteristics  in  contracts  for  new  aircraft  weapons  sys¬ 
tems.  Often  these  parameters  are  tailored  to  suit  the  specific  weapons  system. 

It  is  important  to  note  that  both  the  buyer  and  the  seller  should  realize  that  the 
first  versions  of  a  new  weapons  system  will  not  demonstrate  the  R&M  characteristics  that 
can  eventually  be  achieved  by  a  mature  version  of  the  weapons  system.  Design  error,  lack 
of  established  quality  control  procedures,  untrained  manufacturing  personnel,  and  lack  of 
production  tooling  are  among  the  many  reasons  that  the  first  produced  versions  of  an  air¬ 
craft  are  not  as  reliable  as  aircraft  produced  later  in  the  production  run.  The  rate  of 
improvement  and  the  factors  affecting  it  are  the  subject  of  a  well  known  paper  by  Mr .  J. 

T.  Duane  of  the  General  Electric  Corporation  (reference  1).  The  Duane  reliability  growth 
theory  has  been  the  subject  of  some  controversy  but  the  controversy  concerns  the  rate  of 
reliability  improvement,  not  the  existence  of  reliability  improvement.  Appendix  A  pre¬ 
sents  more  detailed  information  on  the  Duane  reliability  growth  model.  Figure  1  shows  the 
Mean  Time  Between  Maintenance  Action  growth  for  several  recently  deployed  USAF  aircraft. 

The  most  accurate  measurement  of  R&M  characteristics  can  be  made  durinq  testing  of  the 
weapons  system  when  the  environment  is  controlled  to  a  large  degree.  Unfortunately  at  this 
point  in  the  systems'  life  cycle,  the  ultimate  R&M  values  have  not  been  achieved.  Later 
in  the  systems  life  cycle,  mature  R&M  characteristics  exist  but  the  environment  is  poorly 
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known  and  accurate  failure  data  is  generally  not  available.  To  resolve  this  paradox, 
many  weapons  systems  contracts  specify  intermediate  R&M  characteristics  that  must  be 
achieved  prior  to  the  end  of  testing.  It  is  these  intermediate  or  "degraded"  values  of 
R&M  characteristics  that  the  weapons  system  is  measured  against  during  initial  testing. 

Table  1 

TYPICAL  RELIABILITY  AND  MAINTAINABILITY  PARAMETERS 
SPECIFIED  IN  AIRCRAFT  CONTRACTS 

Logistics  Reliability 

Mean  Time  Between  Failure 

Mean  Time  Between  Corrective  Maintenance  Action 

Operational  Reliability 

Mean  Time  Between  Mission  Critical  Failure 
Probability  of  Mission  Success 

Maintainability 

Maintenance  Man-Hours  per  Flight-Hours 
Maintenance  Man-Hours  per  Sortie 
Maintenance  Personnel  per  Aircraft  Squadron 
Mean  Time  to  Repair 

Maximum  Time  (90th  percentile)  to  Repair 

Mean  and  Maximum  Specified  Task  Time  (preflight,  turnaround,  etc.) 


Often  the  contractual  definition  of  R&M  parameters  is  different  than  the  accepted  (or 
real  world)  definition  used  by  the  USAF.  The  underlying  reason  for  this  is  that  the  con¬ 
tractor  can  only  be  held  i  sponsible  for  those  problems  which  are  caused  by  the  system 
design  and  manufacture.  The  contractor  cannot  be  held  responsible  for  anything  which  is 
a  function  of  the  environment  in  which  the  system  is  operated  or  maintained  unless  that 
environment  can  be  clearly  defined  in  the  contract.  Examples  of  occurrences  which  must  be 
excluded  from  the  calculation  of  R&M  parameters  include:  operator/maintenance  error, 
foreign  object  damage  and  accident.  Many  contracts  also  exclude  "wear  out"  items  such 
as  tires  from  the  definition  of  failure.  It  is  extremely  important  that  these  definitions 
be  delineated  as  completely  as  possible  in  contractual  documentations  to  prevent  misunder¬ 
standings  and  potential  litigation. 


Ic  is  also  important  that  the  contractual  definition  of  R&M  parameters  be  as  close  as 
possible  to  the  accepted  definition  and  that  any  differences  be  well  understood  by  the 
contractor,  program  office,  test  agency  and  eventual  user.  Figure  2  shows  two  Mean  Time 
Between  Failure  (MTBF)  statistics  for  a  system  where  the  contractual  definition  of  failure 
was  considerably  different  than  the  accepted  or  standard  definition.  In  this  case,  the 
only  failures  which  counted  contractually  were  those  problems  which  would  prevent  comple¬ 
tion  of  the  planned  mission  and  which  were  discovered  after  the  aircraft  had  been  given  a 
preflight  inspection.  These  rules  excluded  a  large  number  of  failures.  As  a  result,  the 
difference  between  the  contractual  and  actual  MTBF  was  about  one  order  of  magnitude. 


F I SURE  2 

CUNTR  ICTURL  RND  STRNDRRD 
DEFINITION  OF  HERN  TIHE  BETHEEN  FRI LURE 


Estimating  Mature  System  Resource  Requirements: 

A  second  objective  of  initial  testing  is  to  forecast  resource  requirements  and  oper¬ 
ational  achievements  of  the  mature  system.  Table  2  lists  some  of  the  characteristics 
measured  during  initial  testing.  Some  words  of  amplification  must  accompany  that  table. 
Obviously,  a  1,000-hour  test  program  cannot  provide  sufficient  data  to  enable  one  to  de¬ 
termine  the  number  of  spare  main  landing  gear  axles  required  when  the  axle  has  a  projected 
50,000-hour  life.  But  accurate  usage  projections  can  be  made  for  components  with  a  more 
limited  life.  For  example,  the  average  number  of  landings  per  tire  life  can  be  accurately 
determined.  Similarly,  the  mean  time  between  maintenance  action  for  a  simple,  highly  re¬ 
liable  subsystem  such  as  an  aircraft  interphone  is  hard  to  determine  with  confidence,  but 
for  a  more  complex  system  such  as  the  fire  control  radar  the  failure  frequency  iS  cor¬ 
respondingly  higher  and  thus  easier  to  measure  during  a  short  test  program. 

Although  many  individual  results  from  initial  testing  are  obviously  either  valid  or 
invalid,  a  large  class  of  results  cannot  be  so  easily  classified.  For  this  reason  it  is 
necessary  to  resort  to  some  statistical  tools.  Various  tests  of  significance  have  been 
used  in  the  past  but  the  most  meaningful  approach  seems  to  be  the  use  of  lower  confidence 
limits.  The  use  of  confidence  limits  allow  one  to  state  that  if  a  given  test  were  to  be 
repeated  a  large  number  of  times  then  for  any  given  percentage  of  the  time  the  results 
would  be  no  worse  (or  better)  than  the  lov'er  (or  upper)  confidence  limit.  For  example, 
if  an  article  is  tested  1,000  hours  and  fails  10  times  then  MTBF  is  100  hours  and  the  90th 
percentile  lower  confidence  limit  is  66  hours.  This  states  that  90  percent  of  the  time 
the  MTBF  will  not  be  lower  than  66  hours.  These  limits  are  useful  in  conveying  the  rela¬ 
tive  uncertainty  of  results  while  simultaneously  presenting  the  possible  ’worst  case"  that 
may  exist.  For  these  reasons,  lower  confidence  limits  are  calculated  and  reported  along 
with  actual  results. 
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Table  2 

RELIABILITY  AND  MAINTAINABILITY  CHARACTERISTICS 
MEASURED  DURING  INITIAL  TESTING 

Reliability 

Component  Life 

Mean  Time  Between  Demand  (time  between  need  for  a  spare) 
Retest  OK  Rate 
Repairable  Rate 

Maintainability 

Task  Times 

Facilities  Requirement 
Support  Equipment  Utilization 

Operational  Availability 

Mean  Down  Time 
Sortie  Generation  Rate 
Operational  Ready  Rate 


Identification  of  Deficiencies: 

The  last  and  most  challenging  objective  is  the  identification  of  deficiencies  (or 
opportunities  for  improvement) .  Of  the  new  aircraft  weapons  system  tested  at  the  USAF 
Flight  Test  Center  in  the  last  ten  years  an  average  of  800  deficiencies  were  found  on 
every  test  program.  These  800  deficiencies  range  from  the  trivial,  easily  fixed  category 
to  the  very  significant  problems  requiring  major  redesign  efforts.  Approximately  50  per¬ 
cent  of  the  800  deficiencies  were  directly  related  to  reliability  and  maintainability 
problems . 

One  example  of  a  serious  yet  easily  fixed  problem  was  an  aircraft  that  was  delivered 
with  inadequate  markings  to  show  what  areas  the  maintenance  technicians  could  walk  on. 

The  potential  for  costly  damage  was  high  but  the  problem  was  quickly  fixed  with  paint. 
Another  serious,  but  easily  fixed  problem  involved  the  rubber  bumper  pads  the  main  landing 
gear  tires  rested  against  when  the  landing  gear  was  retracted.  The  original  installation 
pads  were  glued  on  the  mounting  structure  and,  after  some  brief  usage,  fell  off.  More 
serious  than  the  pad  loss  was  the  fact  that  without  the  pads  to  stop  the  tire,  the  gear 
traveled  too  far  during  retraction  and  damaged  the  electrical  switches  which  indicated 
when  the  landing  gear  was  in  the  up  and  locked  position.  After  the  switches  and  pads  were 
replaced,  the  aircraft  had  to  be  placed  on  jacks  and  the  landing  gear  cycled  between  the 
up  and  down  position  to  insure  correct  operation.  This  checkout  procedure  was  costly  in 
terms  of  man-hours  and  aircraft  nonavailability.  Riveting  the  pads  in  place  solved  the 
problem. 

Unfortunately,  the  problems  that  are  easily  fixed  are  those  that  shouldn't  have  oc¬ 
curred  in  the  first  place.  Generally  they  are  a  result  of  oversight  or  just  plain  sloppy 
design  work.  Problems  that  are  more  difficult  to  correct  often  result  when  weapons  system 
performance  is  expanded  at  the  cost  of  reliability  or  maintainability.  A  good  example  is 
the  enhanced  vision  or  "bubble”  canopies  used  on  modern  tactical  aircraft.  When  the  de¬ 
sired  vision  ' s  achieved,  the  mechanism  made  to  function  throughout  the  required  tempera¬ 
ture  range,  and  the  entire  system  made  to  function  in  icing  conditions,  very  little  room 
is  left  for  the  designer  to  optimize  maintainability. 

As  a  result,  the  early  versions  of  the  "bubble"  canopies  were  very  difficult  to 
adjust.  When  these  canopies  are  maladjusted,  the  canopy  either  refuses  to  lock  closed 
(ground  abort),  leaks  pressure  (a  probable  air  abort)  or  refuses  to  unlock  after  landing 
(which  upsets  aircrews  somewhat).  The  task  is  so  difficult  that  one  aircraft  required 
several  hundreds  of  man-hours  to  change  a  canopy.  As  a  result,  the  manufacturer  under¬ 
took  at  his  own  expense  a  major  redesign  to  lower  the  man-hours  required  for  initial  can¬ 
opy  installation  and  adjustment  because  the  cost  of  reenqineering  the  system  would  be  re¬ 
couped  during  production. 

During  a  test  program  identification  of  deficiencies  is  a  major  consumer  of  R&M 
engineering  man-hours.  When  an  18-month,  1, 000-hour  flight  test  program  uncovers  400 
R&M  related  deficiencies  this  means  that  the  R&M  engineering  group  averages  one  new 
problem  every  working  day.  Each  problem  must  be  thoroughly  researched  to  insure  that  all 
causal  aspects  of  the  problem  are  adequately  documented.  This  research  amounts  to  gather¬ 
ing  all  pertinent  evidence  regarding  the  problem.  Such  evidence  might  consist  of  state¬ 
ments  from  operations  O'  maintenance  personnel,  photographs  (or  video  tape)  of  damaged 
parts  or  problem  processes,  drawings  or  instrumentation  data.  The  analogy  between  the 
test  engineer  documenting  a  problem  and  a  lawyer  building  a  case  is  strong  and  appro- 
oriate.  Sufficient  analysis  must  be  performed  to  determine  the  impact  of  the  particular 
problem.  Any  recommended  changes  to  alleviate  the  problem  must  be  identified  and  vali¬ 
dated.  Most  importantly,  the  problem,  impact,  and  any  recommendations  must  be  thoroughly 
documented  and  promptly  reported  to  the  agency  which  has  the  authority  to  approve  needed 
changes.  Lastly,  when  a  fix  is  implemented,  it  must  be  tested  to  insure  that  the  prob¬ 
lem  was  really  fixed.  A  surprising  percentage  of  fixes  either  do  not  correct  the  problem 


I 


16-5 


or  introduce  new  problems.  Perhaps  this  follows  from  the  fact  that  if  the  design  was 
difficult  to  accomplish  the  first  time,  it  is  no  easier  the  second  or  subsequent  times. 

Once  the  information  concerning  deficiencies  has  been  disseminated  to  program  man¬ 
agement  and  contractor  personnel  the  R&M  engineering  group  is  often  called  upon  to  further 
.explain  the  problem,  to  defend  judgments  concerning  problem  impacts  and  provide  rationale 
for  suggested  changes.  But  the  return  on  engineering  hours  expended  is  absolutely  worth 
the  effort.  The  reliability  improvement  discussed  earlier  does  not  occur  if  the  problems 
are  not  isolated  and  effective  corrective  actions  taken. 


program  planning 

The  first  step  towards  accomplishment  of  these  objectives  is  proper  R&M  evaluation 
program  planning.  To  accomplish  the  planning  tasks,  a  Joint  Reliability  and  Maintaina¬ 
bility  Evaluation  Team  ( JRMET)  is  formed  six  months  to  a  year  prior  to  the  actual  start 
of  testing.  This  team  is  composed  of  representatives  from  the  developing  agency,  the 
eventual  using  command,  the  supporting  commands,  the  test  organizations  and  the  con¬ 
tractors.  Among  the  tasks  accomplished  by  the  JRMET  during  the  planning  phase  are: 

1.  Insure  adequate  training  for  operations  and  maintenance  personnel  prior  to 
start  of  evaluation. 

2.  Insure  availability  of  technical  data. 

3.  Insure  availability  of  ground  support  equipment. 

4.  Determine  evaluation  ground  rules. 

5.  Determine  requirements  for  data  collection  and  processing. 

6.  Determine  responsibility  for  data  collection  and  processing. 


R&M  DATA  COLLECTION 

The  tool  most  essential  to  the  accomplishment  of  these  objectives  is  a  comprehensive 
R&M  data  collection  system.  Information  gathered  by  this  system  must  be  of  sufficient 
detail  to  allow  engineering  personnel  to  assess  the  need  for  changes  and  estimate  the 
effect  of  any  such  changes,  while  such  detailed  data  collection  would  be  cost  effective 
for  a  mature,  well  understood  weapons  system,  it  is  essential  for  new  systems.  Generally, 
the  data  required  to  perform  an  R&M  evaluation  can  be  divided  into  two  broad  categories: 
Operations  (or  usage)  data  and  maintenance  data. 


Operations  (usage)  Data: 

The  operations  data  must  gather  all  information  regarding  equipment  usage.  This  must 
include  the  time  or  cycles  the  system  was  operated,  the  environment  the  system  was  operated 
in,  and  the  type  of  mission  that  was  being  attempted.  For  aircraft  where  not  all  subsys¬ 
tems  were  needed  or  used  for  every  mission,  the  subsystems  that  were  used  and  their  ef¬ 
fectiveness  must  be  recorded.  Any  anomalies  noted  by  the  system  operator  must  be  docu¬ 
mented  in  sufficient  detail  to  facilitate  further  investigation  by  maintenance  and  en¬ 
gineering  personnel  . 


Maintenance  Data: 

Aircraft  maintenance  actions  can  also  be  divided  into  two  categories:  scheduled 
maintenance  (servicing,  inspection,  etc.)  and  unscheduled  maintenance  (corrective  main¬ 
tenance).  Data  from  either  type  of  maintenance  must  show  all  resources  that  were  used 
during  the  action.  These  resources  include: 

Personnel  (Types/numbers  of  maintenance  technicians  and  time  required) 

Facilities  (Engine  run  pad,  fuel  cell  repair  area,  etc.) 

Expendables  (Fuel,  oil,  lox,  etc.) 

Ground  Support  Equipment  (Types  and  time  used) 

Spares  (Replacement  for  broken  parts) 

The  resources  used  measure  the  cost  of  doing  maintenance  and  must  be  documented  accurately. 
For  corrective  maintenance,  a  complete  and  detailed  description  of  the  problem  must  be 
recorded.  Additionally,  a  detailed  description  of  the  actions  taken  to  investigate  and 
remove  any  anomaly  must  be  recorded. 

The  required  accuracy  does  not  come  automatically.  The  maintenance  technicians  must 
be  trained  to  fill  out  the  required  forms  completely.  Most  importantly ,  the  technicians 
must  be  motivated  to  provide  the  required  documentation  accuracy.  The  necessary  motiva¬ 
tion  is  achieved  when  the  technicians  understand  that  the  information  they  provide  is 


their  method  of  participating  in  the  teat  and  that  it  is  needed  and  used  to  obtain  a 
better  weapons  system. 

Another  facet  of  R&M  data  collection  that  requires  particular  attention  is  failure 
analysis  information.  Generally,  this  information  must  be  obtained  from  the  contractor  or 
his  vendors.  The  failure  analysis  process  can  be  expensive  but  it  is  necessary  to  know 
the  exact  cause  of  failure  before  any  corrective  redesign  can  be  considered.  Provisions 
for  detailed  failure  analysis  should  be  contained  in  contractual  documents  with  the  re¬ 
sults  to  be  provided  to  the  customer.  Even  with  such  appropriate  contractual  requirements, 
it  is  necessary  for  an  R&M  engineer  to  monitor  the  flow  of  failure  analysis  information  to 
insure  that  the  test  agency  receives  the  needed  information. 


Data  Processing: 

Once  the  raw  data  forms  are  completed,  they  must  be  processed  to  arrange  the  infor¬ 
mation  in  a  manner  most  suitable  by  engineering  personnel.  The  processing  system  used 
at  the  USAF  Flight  Test  Center  is  called  the  Systems  Effectiveness  Data  System  (SEDS)  and 
is  a  computerized  information  processing  system  designed  to  be  used  on  large  scientific 
computers  such  as  the  Control  Data  Corporation's  Cyber  series  machines. 

The  data  forms  are  keypunched  and  the  cards  entered  into  the  system  where  the  data 
is  validated  by  software  routines  which  identify  and  reiect  data  containing  machine  de¬ 
tectable  errors.  Once  the  d^tu  is  free  of  machine  detectable  errors,  the  system  processes 
the  information  into  a  data  base  for  subsequent  analysis.  The  most  important  facet  of  the 
data  base  is  the  organization  of  the  data  entered.  The  maintenance  actions  required  to 
complete  the  investigation  or  repair  of  a  single  anomaly  occur  at  different  locations 
(flightline,  intermediate  shop,  depots  or  contractor)  and  at  different  times.  Many  months 
often  elapse  between  the  discovery  of  the  original  problem  and  the  eventual  repair  at  a 
vendor’s  facility.  The  system  collects  all  maintenance  actions  related  to  a  given  prob¬ 
lem  occurrence,  groups  them  together  and  in  chronological  order,  and  calculates  such  param¬ 
eters  as  total  man-hours  expended  on  that  problem  occurrence.  Once  all  related  data  is 
gathered  and  linked,  the  engineer  is  able  to  see  the  complete  sequence  of  actions  from 
when  the  problem  is  discovered  until  final  resolution  is  reached. 


TEST  AND  EVALUATION 

When  the  planning  is  complete  and  arrangements  are  made  to  acquire  and  process  the 
necessary  data  the  stage  is  set  for  the  actual  evaluation  to  begin.  It  is  important  to 
note  that  no  aircraft  flight  time  is  specifically  dedicated  to  R&M  evaluations.  Instead, 
the  R&M  data  results  from  the  flight  operations  needed  for  other  testing.  Some  dedicated 
time  on  the  aircraft  is  needed  to  perform  maintenance  demonstrations,  but  these  demonstra¬ 
tions  are  performed  in  conjunction  with  routine  maintenance  or  the  technical  data  veri¬ 
fications  and  do  not  significantly  impact  the  overall,  test  program. 


Data  Review: 


In  addition  to  the  time  spent  identifying  deficiencies  discussed  earlier,  an  impor¬ 
tant  part  of  the  evaluation  is  the  review  of  R&M  data  which  is  the  primary  JRMET  function 
during  the  evaluation.  Every  maintenance  action  must  be  reviewed  to: 

1.  Insure  accuracy  of  data  by  making  necessary  corrections  and  additions. 

2.  Classify  failures  as  critical  or  noncritical,  relevant  or  nonrelevant,  etc. 

3.  Determine  need  for  corrective  redesign. 

Once  the  data  is  reviewed/corrected,  R&M  results  such  as  failure  -ates,  maintenance 
man-hour  requirements,  etc.,  can  be  computed  and  reported.  Judgment  can  be  mad-  regarding 
contractor  success  in  meeting  requirements.  Mature  systen  resource  consumption  estimates 
can  be  made  and  any  required  adjustments  to  planned  resource  allocations  can  bo  effected. 


CONCLUSIONS 

In  order  to  identify  deficiencies  as  early  as  possible  in  the  weapon  system  develop¬ 
ment  cycle,  R&M  evaluation  must,  begin  with  the  start  of  initial  testing.  With  adequate 
planning,  trained  R&M  engineering  personnel  and  a  suitable  data  collection  system  a  ma¬ 
jority  of  the  R&M  deficiencies  should  be  discovered  before  the  system  is  delivered  to  t:he 
eventual  user.  Similarly,  manufacturer  success  in  meeting  R&M  requirements  can  be  de¬ 
termined  and  resource  requirements  for  the  mature  system  can  be  estimated. 
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APPENDIX  A 


RELIABILITY  IMPROVEMENT 


Reliability  improvement  has  been  a  subject  of  significant  discussion  for  many  years 
and  numerous  techniques  to  forecast  the  rate  of  reliability  inprovement  have  been  used. 

In  1962,  Mr.  J.  T.  Duane  of  the  General  Electric  Corporation  published  a  paper  describing 
a  reliability  growth  model  that  has,  over  the  intervening  years,  come  to  be  accepted  as 
the  standard  for  explaining  positive  changes  in  reliability.  The  Duane  theory  postulates 
that: 


XI  ’  I  “  KH"“ 

where: 

Xj.  =  Cumulative  Failure  Rate 
H  =*  Total  Test  Hours 
F  =  Number  of  Failures  During  Time  H 
K  =  Constant  Determined  by  Circumstances 
»  =  Growth  Rate 


From  an  applications  viewpoint,  this  model  represents  practical  reliability  growth 
so  well  that  when  empirical  data  does  not  agree  with  the  model,  the  data  should  be  con¬ 
sidered  suspect  (reference  2) .  In  addition  to  the  accuracy  with  which  the  Duane  Theory 
models  reality  there  is  another  significant  point  in  its  favor.  When  plotted  on  logrith- 
mic  chart  paper  (both  axes) ,  reliability  inprovement  appears  as  a  linear  relation  of  test 
time  as  in  figure  A-l. 

There  is  one  slight  drawback  to  presenting  data  in  the  form  of  figure  A-l  and  that 
is  the  question:  "If  reliability  is  improving,  how  come  the  graph  goes  down?"  To  answer 
this  question  (usually  originating  from  management)  it  is  necessary  to  depart  from  the 
basic  Duane  theory  and  plot  the  reciprocal  of  failure  rate,  (i.e.,  mean  time  between 
failure)  as  in  figure  A-2. 

One  additional  amplification  is  also  useful.  By  definition,  the  basic  Duane  Theory 
deals  with  the  cumulative  reliability  but  it  is  normal  to  want  to  know  the  reliability  at 
different  specific  times.  Differentiating  the  cumulative  failure  rate  with  respect  to 
time  in  Duane's  expression  yields: 

(l-«)  KH~“  or  (1-«)X£ 

Then,  the  instantaneous  failure  rate  is:  (l-“)  times  the  cumulative  failure  rate.  Simi¬ 
larly,  the  current  mean  time  between  failure  rate  is  l/(l-«)  times  the  cumulative  mean 
time  between  failure. 
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SUMMARY  OF  SESSION  II  -  AIRCRAFT  SYSTEtC TESTING 


Though  the  basic  harmonization  of  guns  and  gunsights  can  be  evaluated  by  air-to-ground 
gunnery,  air-to-air  gunnery  is  essential  for  the  final  evaluation  because  of  factors 
such  as  fuselage  bending  during  high  g  maneuvers.  The  air-to-air  evaluation  is  accom¬ 
plished  using  towed  targets  with  miss-distance  measurement  capability  which  utilizes  the 
shock  waves  of  the  bullets  for  counting  and  distance  calculation.  At  the  RAE,  not  only 
the  number  and  the  range  but  a  quadrant  direction  of  the  bullets  can  be  detected  by  an 
acoustic  miss-distance  indicator  based  on  the  signals  of  four  microphones  placed  on  the 
target.  At  the  AFFTC ,  evaluation  software  utilizes  data  from  head-up  display  film  and 
on-board  instrumentation  to  generate  a  “bullet-line"  that  would  have  occurred  if  bullets 
had  been  fired  at  the  test  conditions.  Though  the  equipment  and  therefore  the  costs  of 
tow  targets  are  increasing,  the  inherent  accuracy  can  be  used  to  reduce  the  number  of 
flights  in  the  development  and  evaluation  phase  of  gun  and  gunsight  testing. 

The  engine  installation  in  military  aircraft  requires  close  cooperation  between  the  air¬ 
craft  and  the  engine  manufacturer  to  optimize  the  engine-airframe  integration.  The  dis¬ 
cussion  pointed  out  the  large  differences  between  the  requirements  for  civil  and  military 
engines.  The  military  engine  is  operated  nearer  to  its  limits,  so  compressor  stall  mar¬ 
gins,  high  angle  of  attack  operation,  hot  gas  reingestion  from  gun  or  missile  firing  and 
the  dynamic  behavior  at  abrupt  changes  in  the  power  setting  are  potential  problems,  where¬ 
as  in  civil  engine  performance,  fuel  consumption  and  the  certification  are  the  main  con¬ 
cerns  of  the  flight  testing. 

The  problem  of  terrain  following  (TF)  flight  is  to  select  the  optimal  TF  height  above  the 
ground  as  a  compromise  between  being  low  enough  not  to  be  detected  and  being  too  low  to 
have  adequate  obstacle  clearance.  The  major  task  of  testing  these  types  of  systems  is  the 
confirmation  of  performance  and  safety.  As  the  TF  will  be  largely  operated  in  an  automatic 
mode  during  operation  under  all-weather  conditions  it  is  evident  that  the  pilot  must  be 
involved  in  the  very  early  test  and  simulation  phase  to  define  the  limits  of  the  system 
for  the  high  risk  missions  over  rough  terrain  and  to  know  all  the  effects  of  various  failure 
modes . 

The  necessity  for  interrelated  design  of  the  entire  landing  gear  system  was  strongly  pre¬ 
sented.  The  system  concept  must  include  the  gear  structure,  tires,  brakes,  control  devices, 
and  must  also  cover  all  modes  of  operation  of  the  gear  and  aircraft.  Continued  advances 
are  being  made  in  the  design  and  construction  of  each  sub-system  and  test  techniques  to 
allow  determination  of  system  performance.  Considerable  discussion  evolved  on  tires,  tire 
pressure  measurements,  and  runway  friction  measurements.  Some  ideas  were  expressed  to 
require  better  standards  for  tires  -  especially  retread  tires-  and  to  give  pilots  more 
instrumentation  relating  to  the  condition  of  their  tires  or  landing  gear.  Others  pre¬ 
ferred  to  have  the  aircraft  operators  devise  better  preflight  inspection  and  control  sys¬ 
tems  for  landing  gears,  i.e.,  no  more  governmental  standards.  Little  trust  was  expressed 
for  any  of  the  so-called  runway  friction  measurement  techniques  now  in  use. 

Design  techniques  and  the  instrumentation  to  check  performance  for  helicopter  rotors 
operating  at  vehicle  speeds  of  200  knots  were  presented.  Data  were  taken  from  the  rotor 
through  slip  rings  to  on-board  instrumentation  to  allow  the  pilot  to  determine  safe  stress 
levels  as  flight  conditions  were  changed.  Rotor  vibration  levels  as  felt  through  the 
structure  by  the  crew  were  not  a  safe  method  for  limiting  stress  levels.  A  telemetry  unit 
was  used  to  transmit  data  from  the  aircraft  to  a  ground  station  for  complete  analysis. 

The  problems  produced  by  unwanted  electromagnetic  signals  in  aircraft  were  outlined.  Al¬ 
though  electronic  equipment  in  aircraft  is  shielded  by  metal  boxes  and  metal  aircraft 
structuring,  the  wiring  systems  in  aircraft  act  as  antenna  and  pick  up  various  signals  from 
sources  on-board  the  aircraft  as  well  as  outside.  The  wires  conduct  these  signals  through 
bulkheads  and  safety  covers.  Math  models  have  been  developed  for  some  simple  wiring 
systems.  A  strong  point  was  made  for  requirements  to  be  made  early  in  the  design  stage 
of  an  aircraft  to  reduce  electromagnetic  interference  problems. 

The  deficiencies  and  their  effects  on  reliability  of  new  flight  systems  were  outlined. 
Methodologies  to  accomplish  R&M  evaluations  during  initial  test  programs  of  a  vehicle  were 
presented.  There  was  agreement  that  good  R&M  started  with  proper  requirements  for  the 
vehicle  or  system.  Thereafter,  R&M  should  be  a  special  subject  for  the  contractor. 
Techniques  to  check  R&M  and  to  correct  defects  are  available,  but  fixes  are  expensive. 

Do  it  correctly  the  first  time. 
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UNIQUE  TEST  CAPABILITIES  OF  THE 
EGLIN  AFB  MCKINLEY  CLIMATIC  LABORATORY 

Richard  D.  Toliver 
McKinley  C’lmatlc  Laboratory 
Eglln  AFB  Florida  32542 


SUMMARY 

The  technical  facilities  of  the  Eglln  Air  Force  Base  McKinley  Climatic  Laboratory  are 
described.  The  major  facilities  Include  the  93,000  cubic  meter  Main  Chamber  end  the 
2,440  cubic  meter  Engine  and  Equipment  Test  Cell. 

INTRODUCTION 

Do  simulated  climatic  tests  yield  results  similar  to  field  tests  under  natural  condi¬ 
tions?  This  question  Is  often  asked  and  has  been  studied  extensively  at  the  Climatic 
Laboratory.  Problem  areas  In  successful  simulation  include  precise  identification  of 
degrading  environmental  factors,  determining  appropriate  length  of  laboratory  and  field 
tests.  Interaction  effects  of  multiple  natural  Influences,  variability  of  results  In 
nature,  over  and  under  severity  of  laboratory  tests  and  lack  of  quantitative  scaling 
factors  between  laboratory  results. 

By  comparing  reports  of  natural  environmental  tests  and  reports  of  testing  accom¬ 
plished  at  the  Climatic  Laboratory,  It  has  been  determined  that  chamber  tests  are  highly 
preferable  to  field  tests  In  terms  of  time,  cost,  convenience,  and  precision.  However, 
chamber  tests  often  do  not  predict  long  term  effects  of  environmental  exposure. 

Most  problems  of  simulated  testing  disappear  when  tests  are  performed  on  full  scale, 
production  or  pre-production  hardware.  Because  of  the  enormous  size  of  the  Climatic 
Laboratory  facilities,  "field1*  testing  may  be  accomplished  to  a  great  extent.  Inside 
the  test  chambers.  At  the  Climatic  Laboratory  a  test  team  has  the  flexibility  of  testing 
In  a  natural  environment  and  with  precision  obtainable  only  Inside  a  controlled  chamber. 

HISTORY 

Interest  In  environmental  testing  of  Air  Force  equipment  dates  back  to  1934  when  the 
Baker  Board  recommended  that  tactical  units  be  trained  In  winter  conditions  and  at  least 
one  squadron  undergo  all-year  training  In  Alaska.  This  led  to  the  establishment  of  Ladd 
Field  at  Fairbanks  Alaska,  In  1942. 

The  Cold  Heather  Test  Detachment  faced  many  difficult  problems.  Transportation  was 
difficult  and  sometimes  extremely  hazardous.  Heather,  because  of  Its  uncertainty, 
played  havoc  with  schedules. 

These  problems,  plus  the  fact  that  much  of  the  Air  Force  equipment  at  this  time 
could  not  be  used  In  temperatures  below  -20°C,  made  It  clear  that  a  more  positive 
means  of  cold  weather  testing  must  be  found. 

In  September  1943,  the  Army  Air  Force  cold  weather  testing  mission  was  assigned  to 
what  Is  now  the  Armament  Division  and  through  the  efforts  of  Colonel  H.  A.  Russell  and 
Lt  Col  A.  C.  McKinley,  plans  were  completed  for  constructing  the  Climatic  Laboratory  In 
May  1944. 

Testing  began  at  the  Laboratory  In  May  1947.  Army  Air  Force  tests  proved  to  be  so 
successful  that  the  Climatic  Laboratory  became  a  facility  utilized  by  all  agencies  of 
the  Department  of  Defense. 

MISSION 

The  mission  of  the  Climatic  Laboratory  Is  to  provide  global  (surface)  climatic 
environmental  testing  conditions  In  order  that  the  United  States  Air  Force  and  other 
Feders’i  agencies  may  develop  and  test  systems.  The  Laboratory  has  supported  development 
anj  testing  programs  for  many  agencies.  Including  Air  Force,  Coast  Guard,  Army,  Marine 
Corps,  National  Aeronautics  and  Space  Administration,  National  Heather  Service,  National 
Science  Foundation,  Air  Force  Geophysics  Laboratory,  and  the  Tennessee  Valley  Authority. 

To  accomplslh  the  mission  of  the  Climatic  Laboratory,  the  assigned  personnel  provide 
the  following  services: 

a.  Operate  and  maintain  11  testing  facilities  to  provide  environments. 

b.  Provide  consultant  engineering  services  for  users  of  the  facilities. 

c.  Design,  manufacture,  and  Install  test  support  equipment. 

d.  Design,  fabricate,  and  Install  Instrumentation  and  data  collecting  systems. 

In  addition  to  the  11  major  test  chambers.  14  small  test  chambers  are  available  at  the 
Fuze  Test  Facility  for  environmental  testing  of  explosive  items  such  as  bomb  fuzes  and 
ammunition. 
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MAIN  TEST  CHAMBER 

The  93,000  cubic  meter  Main  Chamber  of  the  Climatic  Laboratory  Is  unique  In  that  It 
Is  the  largest  and  most  complex  climatic  environmental  test  chamber  In  the  world.  Inside 
dimensions  are  76. 8m  wide,  61.3m  deep,  21.3m  high  In  the  center,  with  an  appendant  floor 
area  18.3  by  26  meters.  In  this  chamber  the  Laboratory  can  produce  special  conditions 
such  as  rainfall  to  40cm  per  hour,  winds  up  to  160  knots,  snow,  solar  radiation,  humidity 
10  to  95  percent,  freezing  rain,  In-flight  Ice  accretion  of  different  types,  and  tempera¬ 
ture  extremes  from  -558C  to  +758C.  Items  varying  In  size  from  a  tent  to  the  C-5  Galaxy 
aircraft  have  been  tested  In  the  chamber. 

Figure  1  shows  the  physical  layout  of  the  Main  Chamber.  Access  to  the  chamber  Is 
through  the  main  doors  which  open  the  full  76.8  meters  of  the  chamber  width.  The  other 

major  opening  into  the  chamber  Is  the  4.6  meter  high  by  15.2  meter  wide  vertical  lift 

door.  All  doors  may  be  opened  while  the  chamber  temperature  Is  being  controlled. 

figure  2  shows  the  C-5  Galaxy  transport  aircraft  undergoing  testing  at  -40°C  Inside 

the  Main  Chamber.  Because  of  the  tremendous  size  of  th-  chamber,  more  than  one  Item 

can  be  tested  simultaneously.  At  one  time  during  the  C-5  test,  two  other  aircraft,  a 
F-100  and  A-7,  were  In  the  chamber  with  the  C-5. 

AIR  MAKE  UP  SYSTEM 

A  unique  characteristic  of  the  Main  Chamber  Is  an  air  make  up  system  used  to  cool  or 
heat  air  to  the  test  temperature  and  Inject  this  air  into  the  chamber  to  allow  the  opera¬ 
tion  of  jet  engines  during  climatic  tests.  Up  to  295  kilograms  of  air  per  second  may  be 
Injected  Into  the  Main  Chamber.  Sustained  engine  runs  at  -55°C  are  possible  without  loss 
of  chamber  temperature. 

Figure  3  shows  a  typical  Installation  of  a  high  performance  aircraft  in  the  Main 
Chamber.  The  F-16  aircraft  Is  positioned  on  hydraulic  jacks  to  afford  a  stable  platform 
for  the  tie-down.  Steel  cables  are  then  secured  to  the  aircraft.  This  type  of  tie-down 
allows  the  aircraft  to  be  run  at  full  afterburner  If  necessary.  Hot  exhaust  gases  from 
the  engine  are  taken  out  of  the  chamber  through  a  duct  fitted  aglnst  the  tailpipe  of  the 
F-16  and  extending  through  the  wall  of  the  chamber. 

Test  personnel  and  test  instrumentation  are  housed  In  the  white  buildings  In  the 
left  portion  of  Figure  3.  Shirt  sleeve  environments  are  maintained  Inside  these  rooms 
regardless  of  the  chamber  temperature. 

ICING 

Icing  of  a  number  of  different  types  may  be  accomplished  In  the  Main  Chamber.  Heli¬ 
copter  blade  Icing  can  be  performed  by  a  spray  frame  suspended  vertically  In  front  of 
the  helicopter,  or  from  a  frame  suspended  horizontally  above  the  aircraft.  Icing  tests 
may  also  be  performed  on  a  fixed  wing  aircraft.  Liquid  water  contents  between  ,lg/m3 
and  5g/m3  are  routinely  produced.  Typically,  a  spray  frame  Is  positioned  In  front  of 
the  aircraft,  and  large  fans  are  used  to  blow  the  spray  cloud  toward  the  aircraft. 

Cloud  velocities  are  normally  below  60  knots. 

The  amount  of  water  to  be  Injected  Into  the  flow  field  In  order  to  obtain  the  desired 
liquid  water  content  Is  determined  analytically.  Because  the  spray  frame  functions  as  a 
large  evaporative  cooler,  the  required  water  amount  Is  the  sum  of  the  cloud  liquid  water 
content  and  the  amount  of  spray  that  Is  being  evaporated.  The  amount  of  water  which  Is 
evaporating  Is  calculated  from  a  mathematical  model  developed  at  the  laboratory.  To 
verify  analytical  calculations,  cloud  liquid  water  content,  particle  size  distribution, 
particle  velocity  distribution,  cloud  dew  point,  and  chamber  dew  point  are  recorded  and 
reduced  by  computer  In  real  time  during  the  actual  Icing  test.  Obviously,  real  time 
data  reduction  provides  a  powerful  tool  for  spray  frame  control. 

In  situ  measurements  of  particle  size  and  velocity  of  polydlspersed  transparent 
spheres  (rain  drop  and  icing  cloud  particles)  are  made  with  a  laser-based  particle 
sizing  interferometer.  The  system  Is  non-lntruslve,  and  as  such,  does  not  Interfere 
with  the  phenomena  being  measured. 

A  sample  probe  Is  formed  by  the  Intersection  of  two  equal  Intensity  laser  beams. 

The  laser  beams  issue  from  a  transmitter,  and  Information  Is  picked  up  by  a  receiver. 

The  receiver  may  be  located  up  to  six  meters  from  the  transmitter  anywhere  In  a  360° 
circle  around  the  transmitter.  Figure  4  shows  a  simplified  optical  confl guratlon  of 
the  1 nteferometer .  Particles  passing  through  the  probe  region  scatter  light  from  the 
two  beams.  The  period  of  the  doppler  shifted  scattered  Ifght  signal  Is  measured  and 

used  with  a  set  fringe  spacing  to  determine  the  velocity.  By  also  measuring  the  ratio 

of  the  oscillatory  part  of  the  signal  to  the  overall  pedestal  amplitude,  the  s-1ze  of  the 
particle  Is  determined.  Liquid  water  content  calculations  are  made  in  real  time  from 
the  particle  size  and  velocity  Information  coupled  with  a  known  value  of  the  sample  probe 
size.  All  particle  data  is  reduced  in  real  time  and  displayed  as  a  histogram  of  particle 
size  and  particle  velocity  and  a  table  of  numbers  of  particles  versus  size  and  velocity. 
Particles  from  five  microns  to  five  mlllmeters  can  be  measured.  A  typical  measurement 
range  would  be  from  eight  microns  to  80  microns.  Each  particle  Is  measured,  but  parti¬ 
cles  are  normally  grouped  Into  50  to  60  bins  separated  by  one  to  two  microns  for  data 

presentation . 


An  Icing  spray  frame  can  be  seen  In  Figure  3  directly  In  front  of  the  F-16.  The 
small  white  boxes  beneath  the  nose  of  the  F-16  are  the  transmitter  and  the  receiver  of 
’.he  Interferometer. 

Because  of  the  ability  to  precisely  control  Icing  conditions.  It  Is  not  unusual  to 
be  able  to  perform  several  completely  different  Icing  tests  per  day.  Five  different 
liquid  water  content  and  temperature  combinations  for  helicopter  rotor  Icing  have  been 
accompllsned  In  one  day. 

TEST  ITEM  DATA  COLLECTION 

Test  Item  data  collection  Is  provided  through  three  Instrumentation  terminals  each 
having  192  pairs  of  number  16  shielded  Instrument  lines.  One  terminal  Is  located  on 
the  south  wall  and  the  other  two  on  the  east  ind  north  walls. 

Data  lines  are  terminated  In  a  patch  panel  located  In  the  Laboratory  computer  room. 

A  total  of  400  data  channels  can  be  recorded  at  one  time. 

MISCELLANEOUS  CAPABILITIES  OF  THE  MAIN  CHAMBER 

Electrical  Power:  440V,  3-Phase,  60Hz;  220V,  3-Phase,  60Hz;  120V,  1-Phase,  60Hz; 
28VDC ;  1 20/208V ,  3-Phase,  400Hz. 

Bomb  Pit:  The  bomb  pit,  located  In  the  center  of  the  chamber.  Is  3m  wide, 

2.7m  deep,  and  25m  long.  Munitions  can  be  dropped  Into  this  pit 
to  evaluate  release  mechanisms  on  aircraft. 

Gun  Firing:  A  projectile  trap  permits  gun  firing  of  automatic  weapons  up  to 

30mm.  Requests  for  gun  firing  support  are  evaluated  for  safety 
based  upon  rate  of  fire,  velocity,  caliber,  and  length  of  burst. 

Snow:  Snow  can  be  made  In  the  Main  Chamber  In  varying  densities  and  In 

quantities  up  to  6m3  per  hour. 

Control  and  An  Observation  room  with  three  large  nonfrosting  observation 

Monitoring:  windows  Is  located  In  the  south  wall  and  a  similar  room  on  the 

north  side  of  the  chamber. 

ENGINE  AND  EQUIPMENT  TEST  FACILITY 

The  Engine  Test  Facility  Is  used  for  environmental  qualification  and  external  and 
Internal  Icing  of  turbojet  engines.  This  facility  Is  supplied  with  refrigeration  from 
the  same  system  that  supplies  the  Main  Chamber.  Therefore,  due  to  Its  smaller  size,  the 
temperature  range  Is  greater  (+70°C  to  -77'C),  and  the  maximum  cooling  rate  Is  much 
faster  ( 1 5 0 C  to  -65°C  In  7  1/2  hours).  Permanently  Installed  Instrumentation  Includes 
equipment  for  recording  temperatures  from  -70°C  to  +165°C,  gauge  lines  for  recording 
pressure  at  over  100  pickup  points  and  a  vibration  Indicating  system.  A  high  speed 
Digital  Data  Acquisition  System  can  be  used  to  write  computer  Input  tapes.  In  addition, 
oscillographs  are  available  for  recording  transient  data  and  a  closed  circuit  television 
network  can  be  used  to  facilitate  testing.  Specific  details  of  the  facility  are: 

Size:  39.6m  long,  9.2m  wide,  6.7m  high.  Usable  floor  space  Is  limited  to  approxi¬ 
mately  30m  by  9.2m  because  of  two  fuel  storage  tanks  located  within  the  room  to  facili¬ 
tate  fuel  cold/hot  soak  for  engine  testing.  These  fuel  tanks  may  be  removed  If  neces¬ 
sary. 

Air  Make  Up:  Same  as  Main  Chamber. 

Access  to  "Facility:  An  electrically  operated  door,  9.2m  by  7.6m  opens  the  entire 
south  wall  of  the  room.  An  air  lock,  6.7m  square.  Is  provided  In  the  southeast  corner 
of  the  room.  Two  personnel  doors  1m  by  2.1m  are  provided  In  the  east  wall. 

Figure  5  shows  the  physical  characteristics  of  the  Engine  and  Equipment  Test 
Facility. 

Control  and  Monitoring:  A  control  room  with  three  nonfrosting  observation  windows 
Is  located  In  the  east  wall.  Portable  heated  booths  up  to  3.7m  by  3.7m  may  also  be 
used  Inside  the  chamber  for  monitoring  and  control. 

Engine  Test  Stand:  The  test  stand  Is  located  at  the  south  end  of  the  room  and  Is 
adaptable  to  aircraft  engines  of  all  types.  The  test  stand  may  be  removed  from  the 
facility  If  necessary. 

Thrust  Measurement:  The  engine  thrust  Is  transmitted  through  the  test  bed  to  load¬ 
sensing  elements  and  then  displayed  on  different  Instrumentation  as  required. 

Icing  Capabilities:  Icing  spray  frames  can  be  fabricated  to  meet  the  particular 
requirement  for  engine  Icing.  Fuel  Icing  Is  accompl 1  shed  by  controlling  the  liquid 
water  content  of  the  fuel,  the  temperature  of  the  fuel,  and  the  test  space  temperature 
to  produce  Icing  conditions. 


Humidity:  Same  as  Main  Chamber. 

Electrical  Power:  Same  as  Main  Chamber. 

Snow:  Same  as  Main  Chamber. 

Altitude  Capability:  None. 

SUN,  MIND,  RAIN,  DUST  FACILITY 

The  Sun,  Mind,  Rain,  and  Dust  Facility  Is  designed  to  facilitate  rain,  solar  radia¬ 
tion,  and  dust  testing.  Rainfall,  ,03cm/hr  to  40cm/hr,  can  be  simulated  over  the  entire 
15.2m  by  15.2m  floor  of  the  chamber.  Minds  up  to  60  knots  can  be  simulated,  and  these 
winds  can  be  In  conjunction  with  the  rain  or  the  sand  and  dust. 

Size:  The  Inside  dimensions  of  the  chamber  are  15.2m  by  15.2m  by  9n. 

Temperature  Ranges:  21°C  to  70°C. 

Humidity  Control:  From  95*  at  71  °C  to  20*  at  20°C. 

Solar  Radiation:  46. 5m^  of  solar  radiation  up  to  1300  watts/m^. 

Access:  Four  vertical  lift  doors,  4.6m  high  by  4.9m  wide,  are  provided  In  the  cham¬ 

ber.  The  room  also  has  two  personnel  doors.  An  observation  window  and  several  ports 
are  located  in  the  control  room  for  viewing  and  access  to  Instrumentation. 

Mind  Machines:  Up  to  three  wind  machines  can  be  used  at  one  time.  Each  machine 
can  produce  volocltles  from  5  to  60  knots. 

Sand  and  Dust:  Sand  and  dust  are  Introduced  into  the  chamber  from  outside  sources 
and  are  maintained  In  suspension  by  the  wind  machines.  The  dust  is  filtered  out  of  the 
air,  and  the  air  Is  then  conditioned  and  returned  to  the  chamber  where  more  dust  Is 
added  to  It,  thus  assuring  precise  temperature  and  humidity  control  during  tests. 

Electrical  Power:  480C,  3-Phase,  60Hz;  12D/208V,  3-Phase,  60Hz. 

Figure  6  shows  the  physical  characteristics  of  the  Sun,  Mind,  Rain, and  Dust  Test 
Chamber . 

PHYSIOLOGICAL  STRATO  CHAMBER 

The  Physiological  Strato  Chamber  Is  the  Laboratory's  only  chamber  In  which  altitude 
as  well  as  temperature  can  be  simulated.  Temperatures  to  -70°C  and  simulated  altitudes 
as  high  as  25,000m  have  been  attained.  Mith  pre-cooling,  the  temperature  In  this  cham¬ 
ber  can  be  reduced  from  +20°C  to  -56°C  and,  at  the  same  time,  pressure  lowered  to  87mm  Hg 
(15,000m)  In  12  minutes. 

A  lock  Is  provided  so  that  personnel  may  enter  and  leave  the  chamber  with  minimum 
Interference  to  test  conditions.  In  addition.  Instrumentation  panels  are  provided  to 
facilitate  the  recording  and  control  of  test  data. 

The  chamber  Is  constructed  of  welded  steel.  Insulated  with  13  sheets  of  reflective 
metal  Insulation  In  the  chamber  and  7  sheets  In  the  lock.  The  chamber  Is  constructed  to 
withstand  pressures  from  zero  absolute  to  one  atmosphere. 

Size:  The  chamber  Is  4.1m  long,  2.9m  wide,  and  2.2m  high.  A  lock  adjacent  to  the 
chamber  Is  3.05m  wide  and  1.32m  long. 

Temperature  Range:  +60°C  to  -70°C. 

Communications:  An  aircraft-type  Intercommunication  system  Is  provided  for  commu¬ 

nication  between  the  outside  and  the  chamber.  Six  observation  windows  are  provided. 

Access:  Ooor  size  for  both  lock  and  chamber  Is  ,65m  by  1.1m. 

Electrical  Power:  Same  as  All  Heather  Room. 

SALT  TEST  CHAMBER 

The  Salt  Test  Chamber  Is  designed  to  provide  salt  fog  and  salt  spray  conditions  In 
accordance  with  applicable  testing  standards. 

Size:  Interior  dimensions  are  17m  long,  4.9m  wide  and  4.9m  high. 

Temperature  Range:  10°C  to  77°C;  relative  humidity  from  30*  to  saturated. 

Access:  End  doors  4.6m  wide  and  4.6 m  high;  one  personnel  door  .9m  by  2m. 
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AU  HEATHER  ROOM 

One  of  the  most  versatile  facilities  In  the  Climatic  Laboratory  Is  the  All  Heather 

Room.  In  this  chamber,  arctic  to  jungle  conditions  can  be  produced  on  an  overnight 

basis.  Rainstorms  up  to  40cm  of  rainfall  per  hour  can  be  created.  Sand  and  dust  storms 
as  well  as  snow  can  be  produced  as  the  test  requirements  demand.  Its  specifications  are: 

Size:  13.2m  by  6.7 m  by  4.9m. 

Temperature  Range:  +77“C  to  -62°C.  Maximum  cooling  rate  Is  from  +15°C  to  -62°C  In 
24  hours. 

Humidity  Control:  From  5%  to  954  with  regulation  to  within  *2 4. 

Access:  A  vertical  lift  door,  4.3m  wide  by  4.7m  high,  opens  to  an  outdoor  ramp  on 

the  east  end  of  the  room.  A  personnel  door,  .8m  by  2m,  Is  provided  on  the  south  wall. 

Small  doors,  ports  and  windows  are  located  within  the  walls  for  viewing  and  access  to 
Instrumentation  and  power  leads. 

Sand  and  Oust:  Sand  and  dust  are  Introduced  Into  the  chamber  from  outside  sources 
and  are  maintained  In  suspension  by  wind  machines. 

Electrical  Power:  440V,  3-Phase.  60Hz;  120/208V,  3-Phase,  60H z;  120/208V,  3-Phase, 
400Hz;  28V0C. 

UHO  MAY  USE  THE  CLIMATIC  LABORATORY 

The  Climatic  Laboratory  Is  a  technical  facility  operated  for  the  USAF  by  the 
Armament  Division  (AD)  and  Is  available  for  use  by  all  Department  of  Defense  agencies, 
commercial  non-Government  contractors  with  Federal  executive  agency  sponsors,  and 
foreign  allies.  Inquiries  concerning  the  technical  capabilities  of  the  Laboratory  should 
be  addressed  to:  Headquarters,  AFSC/DLXL,  Andrews  AFB  MD  20334. 

Testing  periods  for  the  Main  Chamber  must  be  scheduled  well  in  advance;  however,  they 
are  flexible  where  possible  In  order  to  provide  maximum  chamber  utilization.  Testing 
periods  for  the  smaller  auxiliary  chambers  are  arranged  according  to  the  specific  require¬ 
ments  of  the  testing  agency. 

It  Is  suggested  that,  whenever  practicable,  an  advance  planning  meeting  be  held  at 
AD,  with  representatl ves  from  the  sponsoring  agency  and  the  testing  agency  or  contractor 
In  attendance.  This  meeting  should  be  planned  with  the  following  purposes  In  mind: 

a.  Afford  all  test  personnel  the  opportunity  to  review,  define,  clarify,  and  reach 
agreement  on  the  test  support  requirements.  It  should  be  possible  at  this  meeting  to 
Identify  those  requirements  which  can  be  satisfied  by  resources  at  AD,  those  which  will 
require  procurement  action  by  AD,  and  those  which  the  sponsoring  agency  may  be  required 
to  provide. 

b.  Provide  prospective  users  the  opportunity  to  become  familiar  with  the  details  of 
operation  and  the  capabilities  of  the  Laboratory. 

No  action  can  be  taken  on  requests  for  tests  which  are  received  directly  from 
Industry;  however,  contractors  holding  contracts  with  any  agency  of  the  Department  of 
Defense  may  conduct  tests  In  the  facility  when  sponsored  by  the  DoD  agency  with  whom 
they  are  under  contract. 

Upon  receipt  of  a  test  request  from  the  DoD  testing  agency  or  the  DoD  sponsoring 
agency,  AD  will  review  the  support  requirements  and  will  advise  all  concerned  of  AD 
acceptance  or  rejection,  and  of  any  recommended  changes  to  the  test  procedures  or  support 
requirements.  No  test,  however,  will  be  supported  without  an  official  letter  or  message 
from  the  responsible  DoD  agency  requesting  support  of  the  test  and  approving  expenditure 
of  necessary  funds.  After  receiving  an  acceptance  notice  from  AD,  the  requesting 
agency  must  notify  AD  of  Its  firm  Intent  to  conduct  the  test.  Upon  receipt  of  this 
notice,  AD  will  schedule  the  test. 

For  emergency  tests,  AD  will  Immediately  review  each  request  for  test  support  on  Its 
own  merits,  and  will  consider  providing  support  on  an  "as  available"  basis,  making  every 
effort  to  cooperate  with  the  responsible  DoD  agency. 

CONCLUSION' 

The  large  size  of  the  Climatic  Laboratory  chambers  allows  complete  systems  to  be 
tested  under  a  large  number  of  climatic  conditions.  Not  only  can  the  machine  be  tested, 
but  also  the  man-machine  Interface. 
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Out  of  years  of  testing  experience  has  grown  a  philosophy  equally  applicable  to  all 
services  and  agencies  of  the  Department  of  Defense.  This  philosophy  embraces  the  concept 
that  environmental  testing  of  all  systems  Is  a  vital  necessity  In  the  Improvement  of 
overall  system  reliability.  Througu  both  simulated  and  natural  environmental  testing 
we  are  afforded  an  opportunity  to  continually  study  and  understand  the  mechanics  of 
failure  and  so  approach  total  reliability.  Because  of  the  flexibility  and  relative  low 
cost  of  simulated  testing  as  compared  to  field  testing.  It  Is  evident  that  the  Climatic 
Laboratory  Is  one  of  the  most  outstanding  examples  of  money  saving  and  methods  of 
Improvement  within  the  Department  of  Defense. 
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SUMMARY 

Helicopters  have  reached  a  stage  in  their  development  where  prolonged  flight  in  icing  conditions  has 
become  an  operational  necessity.  Over  the  last  decade  technology  proving  programmes  have  been  undertaken 
in  Europe  and  North  America  and  all  weather  operations  are  now  a  practical  proposition. 

The  requirement  for  airframe,  intake  and  rotor  deicing  systems  and  the  instrumentation  considered 
necessary  for  safe  flight  development  are  discussed.  The  problems  involved  in  carrying  out  icing  and 
snow  flight  development  as  part  of  a  full  prototype  development  programme  are  considered  and  some  of  the 
favoured  icing  simulation  test  methods  are  covered. 

The  conclusion  is  devoted  to  a  description  of  the  way  in  which  an  icing  release  may  be  substantiated 
including  a  statement  on  the  current  state  of  the  art. 


DEVELOPMENT  FOR  HELICOPTER  FLIGHT  IN  ICING  CONDITIONS 

1 .  INTRODUCTION 

Since  its  emergence  as  a  practical  flying  machine  the  helicopter  has  evolved  over  the  past  thirty  five 
years  an  established  place  in  the  aviation  scene.  During  thi9  time  they  have  been  regarded  with  some 
condescension  by  the  fixed  wing  fraternity  as  a  mechanical  novelty  whose  rightful  place  is  to  provide 
support  for  real  aeroplanes,  indeed  the  next  best  thing  to  flying. 

The  situation  is  changing  and  the  toy  has  grown  up.  The  modern  helicopter  can  boast  Automatic  Flight 
Control  systems  and  avionics  sufficient  to  gain  entry  into  the  most  hallowed  regions  of  restricted 
airspace.  The  armed  helicopter  has  a  terrifying  capability  of  destruction  and  has  changed  the  whole 
concept  of  anti  submarine  warfare.  Helicopters  dominate  the  rescue  and  oil  rig  support  scene  and  are 
expected  to  maintain  their  role  regardless  of  weather. 

It  follows  that  requirements  and  specifications  for  the  next  generation  of  helicopters  are  beginning  to 
contain  some  very  positive  statements  regarding  sustained  flight  In  icing  and  it  will  therefore  come  as 
no  surprise  that  helicopter  manufacturers  in  Europe  and  the  U.S.A.  are  all  actively  working  on  icing 
development  programmes . 

2 .  THE  PROBLEM 

Icing  has  always  been  a  bogey  man  to  the  helicopter  operator,  helicopter  operations  are  rarely  above 
10,000  ft.  A  region  where  icing  is  most  likely  to  occur. 

The  term  icing  covers  a  range  of  climatic  conditions.  Firstly  our  old  enemy  natural  icing,  this  takes 
the  form  of  supercooled  water  droplets  in  suspension  in  sub  zero  cloud,  which  freeze  on  contact  with  any 
object  passing  through.  Ice  subsequently  builds  up  on  all  forward  facing  surfaces  including  rotating 
blades  and  controls.  With  the  power  available  these  days  fuselage  accretion  in  its  own  right  does  not 
cause  a  great  deal  of  embarrassment  but  it  can  effect  the  efficiency  of  aerials,  block  vents  and  air 
inlets  and  in  the  process  of  shedding  can  find  its  way  into  Intakes  and  tail  rotor. 

Ranging  as  it  does  from  hover  to  fast  forward  flight  in  climb  or  descent  and  accompanied  by  vibration,  ice 
shedding  does  present  a  helicopter  problem.  The  trajectory  of  shed  ice  is  less  easy  to  predict  and 
repositioning  the  offending  protuberance  will  often  only  transfer  the  problem  to  another  flight  regime. 
Assymetrlc  ice  shedding  from  rotor  blades  will  result  not  only  in  a  very  unpleasant  ride  but  severe 
stress  penalties  and  of  course  engine  intake  icing  is  a  major  problem. 

The  main  rotor  has  distinctive  problems  of  lt9  own.  The  build  up  of  ice  on  the  leading  edge  changes  the 
pitching  moment  of  the  blade  resulting  in  a  massive  increase  in  control  loads,  continued  excursions  into 
icing  would  subject  the  controls  to  oscillatory  stresses  far  beyond  those  upon  which  the  component  lives 
were  calculated  and  could  eventually  lead  to  catastrophic  failure.  There  is  of  course  an  even  more  obvious 
effect,  change  in  blade  profile  brought  about  by  ice  accretion  brings  about  a  loss  of  efficiency  which 
will  eventually  force  the  helicopter  down.  (Fig.  1) 

Snow  does  not  generally  lead  to  heavy  ice  accretion  but  it  does  tend  to  build  up  in  all  sorts  of  awkward 
places  and  if  very  fine  gets  into  cracks  and  under  fairings.  It  then  melts  and  runs  out  as  water  to 
freeze  elsewhere.  (Fig.  2)  Snow  also  effects  the  helicopter  in  another  way.  Flying  in  the  near  hover 
close  to  the  ground  it  will  re-clrculate  to  envelop  the  aircraft  totally,  obscuring  the  ground  just  when 
you  need  to  know  where  it  is.  (Fig.  3)  More  than  one  helicopter  has  been  brought  back  to  earth  rather 
forceably  having  Ingested  a  blanket  of  snow  from  the  structure  in  front  of  the  engine  which  a  careless 
crew  have  failed  to  remove  before  starting.  Because  of  their  mode  of  operation  clear  vision  Is  probably 
even  more  critical  for  helicopters  and  the  maintenance  of  this  presents  its  own  problems.  A  heavily  iced 
up  helicopter  coming  into  the  hover  can  shed  large  chunks  of  ice  from  the  rotor  at  near  lethal 
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velocities,  somethin#  which  the  next  generation  of  shipborne  operators  will  have  to  thin*  about. 

Jtaving  got  the  thing  on  the  deck  there  will  then  be  the  problem  of  removing  residual  Ice  during  a  quick 
turn  around 

3.  ROTOR  DE  ICING 

Keeping  the  rotors  clear  of  ice  is  more  specifically  a  helicopter  problem  which  has  to  be  solved  if 
prolonged  flight  in  all  weathers  is  to  be  entertained  and  it  is  in  this  area  that  the  main  effort  has  been 
concentrated . 

Over  the  last  decade  European  and  U.S.  projects  have  been  developed  to  varying  degrees  utilising  cyclic 
electrical  heating  on  the  blade  leading  edges  whereby  heater  mats  are  energised  in  turn.  (Fig.  4) 

Centrifugal  force  and  vibration  tend  to  work  in  your  favour  so  that  once  the  heat  loosens  the  bond  the 
ice  does  fly  off.  In  fact  some  helicopter  rotors  do  self  shed  undar  certain  conditions  without  the  help 
of  a  system,  but  none  to  the  extent  that  it  could  form  the  basis  of  cert  If icat ion  and  it  does  vary  with 
the  wide  range  of  conditions  and  from  type  to  type. 

The  amount  of  electrical  power  necessary  to  maintain  anti  icing  is  far  too  high  to  bo  seriously  considered 
and  all  the  systems  under  development  or  in  service  utilise  some  form  of  cyclic  programming.  The  demand 
on  electrical  power  can  be  further  reduced  in  rotors  with  even  numbers  of  blades  by  deicing  blades 
alternately  as  diametrically  opposed  pairs.  Assymetric  shedding  of  ice  results  in  severe  vibration  and 
high  stresses. 

The  areas  of  accretion  on  leading  edges  have  been  well  established  and  credit  must  be  given  for  the  ear’. v 
work  carried  out  in  this  field  by  the  National  Research  Council  of  Canada.  From  this  and  subsequent  fl!gh+ 
work  the  requirements  for  leading  edge  mat  coverage  have  evolved. 

Accretion  on  the  leading  edge  will  result  in  a  rapid  rise  in  control  loads  and  in  severe  conditions  this 
will  force  the  helicopter  to  vacate  the  condition  in  minutes.  (Fig.  5)  Regular  cycling  of  leading  edge 
mats  has  to  be  maintained  to  sustain  flight.  Tlie  problem  with  any  heat  generating  system  is  that  having 
melted  the  ice  the  water  created  will  run  back  to  freeze  on  the  first  available  cold  surface.  This  results 
in  a  build  up  of  ice  aft  of  the  leading  edge,  progress i vely  reducing  the  rotor  efficiency.  The  tail  rotor 
and  stabilizer  also  require  protection. 

Test  programmes  run  by  the  U.K.  to  date  have  been  concerned  with  technology  proving  to  confirm  feasibility 
over  a  wide  temperature  range  and  to  provide  a  good  base  from  which  confident  design  decisions  regarding 
mat  coverage.  ON  times,  cyclic  sequences  and  heat  intensities  can  be  made. 

4.  INSTRUMENTATION  OF  DEVELOPMENT  A  IRC' RAFT 

Icing  is  clearly  one  of  the  high  risk  areas  in  any  test  programme  and  should  be  approached  with  caution. 

A  comprehensive  instrumentation  fit  is  an  important  factor  in  the  rate  at  which  progress  can  be  made  and  is 
one  of  the  main  assurances  for  safety.  (Fig.  6) 

The  aircraft  must  carry  reliable  instruments  to  provide  atmospheric  information  such  as  temperature  and 
liquid  water  content. 

Although  flight  may  still  be  maintained  with  heavy  ice  accretion,  this  may  result  in  very  high  stresses  on 
blades  and  controls  not  necessarily  reflected  by  aircraft  behaviour  or  handling.  A  comprehensive  strain 
gauge  fit  is  consequently  necessary  and  the  results  will  have  to  be  monitored  throughout  the  programme  to 
ensure  that  vital  component  lives  are  not  at  risk. 

A  full  set  of  performance  data  is  essential  and  certain  key  stresses  and  engine  intake  condition  will  need 
to  be  available  as  visual  presentation  to  the  crew  to  provide  sufficient  data  so  that  the  decision  to  stay 
or  retreat  in  good  order  can  be  made  before  the  situation  gets  out  of  hand. 

Extensive  use  has  been  made  of  video  recording  on  the  U.K.  aircraft  to  monitor  a  sensitive  engine  air  intake 
but  also  to  add  visual  and  voice  recording  capability  to  provide  a  back  up  for  the  primary  recorded  data. 

Accurate  temperature  measurement  and  liquid  water  content  are  vital  in  order  to  ensure  that  the  crew  have  a 
reliable  readout  of  atmospheric  conditions  with  which  to  carry  out  the  ice  hunting  phase  of  the  operation 
nnd  all  of  this  has  to  be  on  record  for  later  analysis. 

A  technique  which  has  been  applied  extensively  in  the  Wessex  is  the  use  of  accurate  lag  angle  measurement 
to  determine  a  comparative  torque  contribution  for  individual  blades.  In  order  to  use  thase  data  it  is 
neeessnry  to  obtain  n  good  clear  air  calibration  of  blade  datum  lag  angles  over  the  speed  range.  This 
used  with  cameras  and  other  data  is  very  useful  as  a  test  technique  we  refer  to  as  2  x  2  whereby  diametrically 
opposite  pairs  of  blades  can  be  subjected  to  different  cyclic  sequences  and  compared  when  flying  under  the 
same  icing  conditions. 

An  important  feature  is  to  include  the  ability  to  change  the  sequence  in  which  heater  mats  are  energised 
allowing  a  wide  range  of  cyclic  switching  options  to  be  tested.  If  this  can  be  accomplished  easily  it 
is  possible  to  take  full  advantage  of  a  spell  of  icing  weather  covering  a  wide  range  of  experiments, 

*1 . 1  Camera 

Vital  to  any  meaningful  rotor  icing  assessment  is  the  ability  to  visualise  what  is  going  on  up  there. 

In  the  U.K.  since  the  early  70*a  a  considerable  amount  of  effort  has  been  devoted  to  the  development 
of  effective  camera  aystems  and  has  evolved  from  \  0  mm  cine  to  the  current  use  of  70  am  colour  using 
the  F  9A  low  level  reconnaissance  camera,  (Fig,  7) 

Two  distinctly  different  systems  have  resulted  to  provide  coverage  of  the  upper  and  lower  blade  surfaces. 


The  upper  surface  is  covered  by  a  camera  viewing:  vertically  upwards  Into  a  four  way  mirror.  The 
result  is  a  single  picture  showing  all  four  blades.  (Fig.  8) 

Photographing  the  under  surface  requires  a  much  more  complex  system  whereby  the  passage  of  a  single 
blade  is  sensed  by  a  doppler  radar  and  this  with  appropriate  time  delay  triggers  a  70  mm  camera  and 
flash  mounted  on  4 he  tail  boom.  Four  individual  pictures  are  required  to  cover  a  four  bladed  rotor 
and  a  control  system  allows  this  camera  to  be  synchronised  with  the  main  rotor  head  camera.  (Fig.  9) 

Both  cameras  are  referenced  to  a  central  time  base  and  time  appears  in  digital  form  on  each  frame  to 
within  0*1  seconds  allowing  accurate  cross  reference  to  trace  and  video  recordings. 

The  systems  were  originally  conceived  by  the  Aircraft  and  Armament  Experimental  fetablishment  at 
Boscorobe  Down  and  have  been  in  use  very  successfully  for  the  past  three  years  and  have  played  a  key 
part  in  the  U.K.  development. 

All  the  above  require  comprehensive  and  rapid  on  site  analysis  so  that  full  advantage  can  be  made  of 
good  icing  weather. 

4*2  Radio  Navigation  Equipment 

Icing  work  requires  that  the  aircraft  will  spend  most  of  its  time  in  instrument  flight  and  it  is  very 
important  that  a  comprehensive  installation  of  radio  and  navigational  equipment  be  Included.  The 
aircraft  will  require  dual  communication  radios,  ADF,  WR,  ILS,  Secondary  Surveillance  radar. 

5.  THE  ICING  TRIALS  ENVIRONMENT 

A  considerable  amount  of  discussion  has  taken  place  concerning  the  choice  of  an  Icing  trials  venue. 

Icing  trials  programmers  have  spent  a  great  deal  of  time  and  effort  studying  climatic  statistics  to  find 
the  ideal  site.  Icing  has  always  been  difficult  to  forecast  and  the  occurences  of  icing  from  one  winter 
to  the  next  are  erratic  and  impossible  to  predict. 

It  would  be  difficult  enough  even  if  climate  were  the  only  consideration  but  this  unfortunately  cannot  be 
so  and  an  icing  trials  manager  must  consider  a  much  wider  permutation. 

(a)  Climate  must ,  of  course,  be  the  primary  factor  but  it  does  not  follow  that  good  natural  icing  will 
produce  equally  good  snow  conditions. 

(b)  Air  traffic  -  it  is  essential  to  have  good  air  traffic  surveillance  and  preferably  a  section  of 
airspace  dedicated  to  icing  flying .  A  co-operative  air  traffic  control  organisation  can  make  a 
major  contribution  to  the  success  of  an  icing  trial. 

(c)  Terrain  -  it  is  very  important  to  be  able  to  operate  over  reasonably  level  terrain  with  a  relatively 
low  population  density. 

(d )  Safety  Services  -  good  S.A.R.  support  is  vital, 

(e )  Domestic  and  Servicing  Facilities  -  good  hangarage  with  at  least  some  workshop  facilities  are 
required.  The  site  needs  to  be  accessible  and  within  reach  of  a  regular  air  cargo  service. 
Accommodation  for  analysis  facilities  and  domestic  accomroodat ion  for  the  trials  team  throughout  a 
long  winter  trial  have  to  be  considered.  The  site  must  also  be  secure. 

We  do  not  live  in  a  perfect  world  and  all  the  above  are  rarely  possible  in  a  single  site.  Failure  to 
recognise  any  aspect  will  reduce  the  flying  rate  and  the  ability  to  respond  to  suitable  weather 
opportunities . 

Most  icing  trials  in  the  Western  world  take  place  in  the  Northern  United  States ,  Canada  or  Scandinavia. 
Having  found  a  suitable  venue  good  sense  says  that  the  environment  should  be  approached  with  caution.  The 
Ideal,  which  is  rarely  available,  is  a  consistent  layer  of  icing  cloud  up  to  1,500  metres  with  a  cloud 
base  100  metres  A.G.L.  and  300  metres  forward  visibility.  Given  this  situation  it  is  possible  with  some 
confidence  to  take  an  icing  encounter  to  the  point  where  the  aircraft  is  forced  out  of  the  condition  with 
the  knowledge  that  a  controlled  precautionary  landing  is  an  available  option. 

0.  SIMULATION  OF  ICING  AS  AN  AID  TO  DEVELOPMENT 

Confronted  with  the  need  to  develop  a  new  helicopter  with  a  good  icing  flight  capability  the  designer  and 
development  engineers  are  faced  with  the  problem  whereby  climatic  trials  generally  come  late  in  the 
programme  and  invariably  bring  out  a  number  of  problems  concerned  simply  with  the  hitherto  untried  aspects 
of  temperature,  water  ingress,  humidity  etc.  accompanied  with  the  need  for  caution  in  the  early  stages, 
the  result  of  which  Is  liable  to  be  insufficient  answers  too  late  in  the  programme. 

There  is  no  easy  answer  to  this  dilemma.  It  is  essential  that  in  order  to  achieve  a  productive  icing 
trial  the  aircraft  must  have  good  component  life  margins,  a  well  explored  flight  envelope  and  that  all 
systems  are  to  a  reasonably  advanced  state  of  development. 

A  considerable  amount  of  ingenuity  has  gone  into  simulation  of  icing  and  a  number  of  facilities  are  now 
available  in  which  advance  testing  can  be  undertaken. 

6*1  Icing  Tunnels 

Facilities  whereby  icing  can  be  simulated  in  a  wind  tunnel  are  available  in  all  sizes  and  it  is 
consequently  possible  to  install  whole  airframe  rigs  in  large  lctng  tunnels  and  establish  airframe 
and  intake  accretion  areas  to  determine  the  heating  required  for  de-icing  and  to  give  some  indication 
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of  Ice  shed  trajectories .  The  largest  of  these  facilities  In  the  U.K,  Is  at  Cell  3  West  In  the 
National  Gas  Turbine  Establishment  and  this  runs  a  very  full  programme  on  Fixed  Wing,  Ifelicopter, 

Engine  and  Research  projects . 

There  are  numerous  smaller  facilities  available  in  which  icing  instruments  and  component  icing  can 
be  assessed. 

6 »2  The  N.R.C.  Spray  Rig 

This  installation  has  been  in  operation  for  a  considerable  time  and  has  a  well  deserved  place  in 
helicopter  icing  history.  (Fig.  10) 

The  disadvantage  of  this  facility  is  that  it  will  only  allow  assessment  in  the  hover  and  the  arguments 
concerning  droplet  size  and  cloud  consistency  are  still  waging.  Situated  as  it  is  in  Canada,  from 
the  U.K.  viewpoint,  a  spray  rig  test  is  as  difficult  to  mount  as  an  icing  trial. 

6*3  In  Flight  Spray  System 

Extensive  use  is  made  in  the  U.S.  of  Inflight  Spray  aircraft.  The  Helicopter  In  Flight  Spray 
System  (H.I.S.S.)  using  a  Chinook  tanker  has  featured  extensively  in  U.S.  programmes. 

The  advantage  is  that  testing  can  be  undertaken  in  the  comparative  safety  of  clear  air  and  provides 
a  useful  supplement  to  a  natural  icing  trial  in  that  it  allows  work  to  continue  during  the  intermin¬ 
able  VMC  days  which  seem  to  prevail  whenever  one  undertakes  an  icing  trial.  There  are  the  inevitable 
arguments  concerning  droplet  size  and  cloud  distribution  and  an  H.I.S.S.  test  involves  a  fair  degree 
of  co-ordination  to  control  chase  aircraft,  test  aircraft,  tanker  and  photographic  coverage.  (Fig.  11) 

6.4  Shed  Wax  Trajectory  Tests 

One  of  the  worries  concerning  airframe  icing  is  the  trajectory  of  the  ice  shed  during  melt  off. 
Considerable  success  has  been  achieved  by  the  use  of  a  simple  mousetrap  release  which  can  be  mounted 
on  vulnerable  points  and  which  release  prepared  wax  blocks  when  triggered. 

Such  tests  can  be  carried  out  regardless  of  temperature  and  because  there  is  no  risk  of  icing, 
engine  intakes  can  be  protected  by  grilles  which  also  show  witness  marks  of  ice  strikes.  (Fig.  12) 

The  system  was  used  to  good  effect  in  Lynx  when  663  wax  blocks  were  released  covering  the  flight 
envelope  and  a  wide  range  of  aerial,  weapon  and  role  equipment  sites  were  assessed. 

A  well  planned  programme  will  show  full  use  of  rig  and  simulation  facilities  at  early  stages  to  support 
the  design  development  phase  but  any  simulation  of  the  complex  natural  phenomenon  which  forma  icing  cloud 
can  only  be  taken  as  a  guide  and  can  never  be  accepted  as  the  full  answer.  Eventually  one  has  to  face  up 
to  taking  the  aircraft  into  the  real  thing  and  any  icing  programme  will  culminate  in  a  number  of  icing 
trials  as  a  final  demonstration. 

7.  DEVELOPMENT  OF  FLIGHT  IN  ICING 

The  development  programme  to  achieve  an  effective  flight  in  Icing  release  is  by  its  nature  a  protracted 
process  and  in  a  new  project  with  new  airframe,  transmission  and  power  plants,  the  design  and  development 
process  needs  to  be  properly  integrated  from  the  project  stage. 

The  fundamental  problems  of  getting  a  new  project  fully  developed  and  Into  service  with  a  satisfactory 
flight  envelope  and  component  lives  are  more  than  enough  to  undertake  and  all  the  baaic  issues  of  develop¬ 
ment  have  their  influence  on  the  progress  of  the  ice  protection  systems  development. 

Let  us  now  consider  a  helicopter  for  which  full  ice  protection  is  a  stated  requirement  and  which  must 
maintain  its  role  regardless  of  weather. 

7»t  Intake 

The  fact  that  our  aircraft  must  have  a  flight  in  icing  capability  will  have  an  influence  on  the 
Intake  lines  and  the  first  line  of  defence  for  engine  protection  will  lie  in  the  geometry  and  siting 
of  the  intake.  The  designer  may  choose  to  place  them  well  forward  or  accept  the  loss  of  ram 
efficiency  and  adopt  sideways  facing. 

Choice  of  engine  will  also  have  its  influence,  £>igine  designers  are  attempting  to  build  in  a  degree 
of  survivability  from  ingestion  and  many  engines  now  include  F.O.D.  separators  in  their  design.  All 
the  above  will  offer  a  degree  of  assurance  but  our  all  weather  aircraft  will  almost  certainly  be 
given  some  specific  ice  protection. 

The  tortuous  proceas  of  aub  contractor  selection  will  then  take  place  and  design  of  the  chosen  system 
will  proceed.  The  sub  contractor  will  be  called  upon  to  show  his  own  programme  of  work  to  demonstrate 
compliance  with  environmental,  climatic,  vibrat ion,  structural  integrity,  E.M.C.  and  a  wide  range  of 
criteria  which  a  wise  prime  contractor  will  lay  down  in  his  requirement. 

The  main  pre  flight  intake  development  will  probably  take  place  in  a  number  of  sessions  using  a  major 
Icing  tunnel  facility  with  an  airframe  rig.  From  these  teats  it  will  be  possible  to  decide  heat 
distribution,  sensor  positions,  area  coverage  and  power  requirements  for  introduction  into  the  proto¬ 
type  aircraft. 

7  »2  Rotor  Protect  Ion 

The  pre  flight  phase  of  rotor  protect  ion  will  follow  similar  lines  but  meaningful  testing  of  the  full 
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system  is  much  more  reliant  on  flight  testing*  The  introduction  of  heater  mats  Into  the  blades  can 
be  expected  to  have  an  Influence  on  the  overall  structural  Integrity  and  such  Issues  as  thermal 
cycling  and  mat  adhesion  must  be  tested  early  in  the  programme .  Icing  tunnel  testing  to  determine 
the  icing  sensitivity  of  the  chosen  aerofoil  section  may  also  be  Included  to  finalise  mst  coverage. 

It  will  be  vital  that  the  sub  contractor  can  demonstrate  that  the  overall  Integrity  of  the  blades  Is 
not  down  graded  by  the  presence  of  heater  mats  and  the  control  system  will  have  to  satisfy  a  wide 
range  of  requirements.  Slip  ring  assemblies  are  an  area  of  technical  risk  and  bench  or  rig  teats  to 
demonstrate  reliability  will  be  included. 

The  main  and  tall  rotor  blade  fatigue  programme  will  also  be  under  way  at  this  time  and  all  fatigue 
specimens  will  include  dummy  mats.  The  presence  of  mats  and  wiring  can  have  an  Influence  on  the 
blades'  characteristics  under  lightening  strike  and  teats  will  be  carried  out  to  clear  this  aspect. 

7  *3  Ai  rf  rame 

Resistance  to  severe  ice  accretion  will  be  given  full  consideration  during  the  design  stage.  The 
siting  of  aerials  will  be  decided  with  this  In  mind.  Practical  assessment  of  these  Issues  will  take 
place  in  the  major  icing  tunnel  tests  probably  in  parallel  with  the  intakes  work  and  will  include 
such  items  as  heated  windscreens  and  wipers. 

The  need  for  some  antenna  to  be  de-iced  in  order  to  function  will  be  determined  at  an  early  stage. 

7  »4  Sys  terns 

It  is  inevitable  that  ice  protection  systems  will  make  demands  on  electrical  power  and  it  is  highly 
likely  that  a  dedicated  power  supply  will  be  provided.  The  icing  systems  will  be  Included  in 
electrical  rig  testing  which  will  include  assessment  of  power  transients,  switching  failure  simula¬ 
tion  and  E.M.C. 

During  these  early  stages  it  will  also  be  necessary  to  ensure  that  adequate  instrumental ion  such  as 
strain  gauges,  temperature  sensors  are  included  in  intakes  and  blades  planned  for  development  air¬ 
craft  and  decisions  must  bo  made  regarding  which  prototypes  will  carry  full  systems  and  to  what 
standard . 

All  the  above  activity  will  lead  to  a  high  degree  of  assurance  that  design  has  been  properly  accomplished 
and  can  be  expected  to  lead  to  Experimental  Flight  Approval  for  the  Flight  Development  Programme  to 
proceed . 

8.  FLIGHT  DEVELOPMENT 

Confronted  with  the  task  of  developing  a  new  aircraft  with  all  the  complexities  of  flight  envelope, 
vibration,  stress, handling,  mechanical,  testing  and  A.F.C.S.  to  consider,  it  cannot  be  expected  that  ice 
protection  will  receive  a  great  deal  of  attention  during  the  initial  phase  of  flying,  it  is  even  probable 
that  the  first  machines  will  not  include  any  of  the  equipment. 

Once  an  aircraft  with  complete  ice  protection  sve+ema  is  flying,  time  will  be  devoted  to  functioning, 

EMC  end  Failure  Simulations.  Djring  the  main  flight  test  programme  provision  will  also  be  made  for  some 
wax  shedding  tests  to  provide  assurance  for  the  main  icing  trials  work. 

Dealing  as  we  are  with  a  U.K.  based  progrumme  some  opportunities  for  limited  excursions  into  icing  can  be 
expected  and  will  be  cautiously  undertaken. 

One  of  the  main  problems  is  that  production  decisions  have  to  be  made  at  an  early  stage  in  the  programme 
and  nearly  always  in  advance  of  the  first  major  icing  trials  and  the  best  that  one  can  hope  for  is  a  brief 
icing  assessment  during  this  phase  with  minimal  opportunity  to  make  a  short  (say  6  week)  excursion  to  an 
icing  venue  but  this  cannot  occur  too  early  in  the  programme  simply  because  an  overseas  trial  with  an 
unproven  aircraft  is  very  difficult  to  support  and  component  lives  are  still  cautiously  low  at  this  stage. 

By  the  time  the  first  major  development  Icing  Trial  takes  place  planning  will  already  have  taken  place  to 
introduce  ice  protection  systems  in  the  early  production  aircraft  which  are  intended  for  certification 
testing  and  Service  TYials. 

It  can  be  expected  that  the  major  issues  for  icing  and  snow  flying  will  be  Investigated  during  the  first 
trial,  most  icing  practitioners  agree  that  it  will  be  necessary  to  keep  the  aircraft  at  an  Icing  venue  for 
the  full  winter.  Given  the  icing  weather,  it  should  be  possible  to  formulate  a  cautious  experimental 
icing  release  and  to  make  provision  to  introduce  the  essential  changes  which  may  arise  from  the  trials 
into  the  production  machines  as  a  retrofit. 

A  second  development  trial  should  consolidate  this  work  and  make  it  possible  to  make  a  qualified  statement 
of  conformity  with  the  requirement  and  to  pinpoint  areas  where  modification  and  further  development  are 
necessary.  All  the  above  work  will  have  been  under  the  leadership  of  the  manufacturer  with  active 
Involvement  by  the  certification  agency. 

The  first  trial  with  a  production  aircraft  will  represent  the  main  contribution  towards  a  full  flight 
release  and  will  heavily  Involve  the  certification  agency.  The  aircraft  will  embark  upon  the  trials  with 
the  highest  achleveable  standard  of  Ice  protection  and  the  ideal  is  that  it  will  dramatically  demonstrate 
complete  conformity  with  the  requirement. 

With  three  major  icing  trials  completed,  the  capability  and  potential  of  the  ice  protection  will  be  very 
much  clearer  and  It  should  be  possible  to  consolidate  the  release  by  close  monitoring  of  service 
experience.  (Fig.  13) 
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THE  WAY  AHEAD 


Numerous  technology  proving  projects  have  been  undertaken  over  the  past  five  years  and  there  are  many  well 
substantiated  claims  to  success.  The  result  is  that  helicopters  with  ice  protect ior  are  currently  under 
development  or  in  production. 

There  are  variations  of  opinion  regarding  the  way  in  which  certification  or  release  is  underwritten, 
whether  by  complex  simulation  or  dramatic  demonstration  in  the  real  environment ,  costly  icing  trials  with 
specialised  test  aircraft  or  through  cautious  monitored  extension  through  service  experience.  There  are 
now  few  who  doubt  that  success  can  and  will  be  achieved. 

Helicopter  flight  in  icing  has  reached  a  stage  of  development  similar  to  that  through  which  fixed  wing 
aircraft  passed  during  World  War  2.  Unlike  our  fixed  wing  counterpart  the  helicopter  will  be  forced  to 
remain  at  low  level  to  rescue  the  unfortunate  or  the  irresponsible,  to  defend  the  nations  lawful  needs, 
provide  the  support  necessary  to  ensure  continued  flow  of  oil  and  to  carry  the  impatient  captains  of 
Industry  quickly  but  surely  to  their  destination,  all  regardless  of  weather. 

The  technology  is  available  but  it  will  not  come  cheaply  and  must  be  hurried  with  care  but  the  time  cannot 
be  far  away  when  flying  could  well  be  considered  the  next  best  thing  to  a  good  all  weather  helicopter. 
(Fig.  14) 


Disclaimer 

The  views  expressed  in  this  paper  are  those  of  the  author  and  do  not  necessarily  represent  the  views  of 
Westland  Helicopters  Limited. 


ACKNOWLEDGMENTS 

J.  E.  Clark  Westland  Helicopters  Limited. 

Aircraft  and  Armament  Experimental  Establishment,  Roscombe  Down 
Helicopter  Icing  Section 
•D'  Squadron,  Performance  Division 
Photographic  Division 

T.  Cansdale  Royal  Aircraft  Establishment,  Famborough. 


19-7 


SUMMARY  OF  ROTOR  THERMAL  DE-ICINO  PROJECTS 


Bell  47 

Research  (N.R*C.) 

Canada 

CH  46/CH  113 

Development 

Canada 

SH  3D/CH  124 

Development /Service  Trials 

Canada 

Alouette 

Research 

France 

Super  Prelon 

Technology  Proving; 

France 

Puna /Super  Puma 

Production 

France 

Boikov  Bo  105 

Technology  Proving 

Germany 

Boikov  Bk  117 

Proposed  Development 

Germany/ Japan 

Kawasaki  Kv  107 

Development 

Japan/U.S. 

Sycamore 

Research 

U.K. 

Wessex  5 

Technology  Proving 

V.K. 

W.G.  34 

Design  Stage  for  Production 

U.K. 

CH  47  Chinook 

Development /Produc  t Ion 

U.S./U.K. 

Bell  UH-1 

Technology  Proving 

U.S. 

HH  2D 

Experimental 

U.S. 

H  34 

Research 

U.S. 

UH  60A 

De ve 1 opmen t /Pr  oduc 1 1 on 

U.S. 

UH  61 

Development 

U.S. 

YAH  64 

De  ve lopmen t /Produc 1 1 on 

U.S. 

Mil  8 

Production 

U.S  .S.R. 

Hind 

Production 

U.S  .S.R. 

Note:  The  true  status  of  U.S.S.R.  projects  Is  unconfirmed 


Figure  1 


ICE  FORMATION  ON  UNPROTECTED 
ROTOR  BLADE 


Figure  2. 

REFROZEN  SNOW  AFTER  RUN  OUT 
FROM  GEARBOX  AREA 


Figure  3. 


FLIGHT  IN  RECIRCULATING  SNOW 


Figure  4 . 


DEVELOPMENT  OF  HEATED  ROTOR  BLADE 
DEICING  SYSTEM  IN  A 
WESSEX  HELICOPTER 


Figure  5. 

RAPID  ONSET  OF  ROTOR  ICING 


Westland 

Rapid  onset  of  rotor  icing 


OSCILLATORY 
LOAD  IN  ‘ 
FIXED  STAR 

±LB 


IAS-  Kn 


TORQUE -LB.  FT. 


— 1 - 

-■■-MAX  VALUE 

FOR  TRIALS 

_ 1 _ / 

1  I.AX**^ 

O'™*.’""*) 

_ Iflfl 

iau£ 

PRESS.  ALT. -FT 


COLLECTIVE > 
PITCH  y 


COLLECTIVE 

PITCH-S 


ENCOUNTER  TERMINATED 
Imw  OF  ICE  ACCRETED 


30 

TIME-SECONDS 


Figure  6. 

AN  ICING  INSTRUMENTATION  PACKAGE 
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Figure  9. 

70mm  TAIL  CAMERA  PHOTOGRAPH 
SHOWING  THE  BLADE  UNDERSIDE 


Figure  11  . 

HELICOPTER  IN-FLIGHT 
SPRAY  SYSTEM  (HISS) 


Figure  12. 
SHEDDING  EQUIPMENT 
SIMULATE  MELT  OFF 
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Figure  13.  DEVELOPMENT  FOR  A  FLIGHT  IN  ICING  CAPABILITY 


Figure  14 


THE  FLIGHT  IN  ICING  HELICOPTER 
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METHODES  D'ESSAI  DU  COMPORTEMENT  DES 
AERONEFS  EN  CONDITIONS  GIVRANTES  ET  DES  SYSTEMES 
DE  PROTECTION  CONTRE  LE  GIYRAGE 


par 

Martin  FRIEDLANDER 
Ingenieur  Navigant  d’Essais 
Essais  -Equipements 
CENTRE  D’ESSAIS  EN  VOL 
91220  -  BRETIGNY-SUR-ORGE 
(F  ranee ) 

Tel.  084  95  70  -  poste  3242 


Le  present  expose  portant  sur  le  mfcme  sujet  que  celui  traite  par  M.  GIBBINGS  dans  la  presen¬ 
tation  r\°  19  au  FMP,  a  ete  redige  de  fa^on  a  lui  &tre  complementaire. 

Aussi  ne  revient-il  pas  sur  certaines  definitions. 

1  -  LE  GIVRAGE  - 

II  est  important  d’insister  sur  l’aspect  dynamique  du  phenomene  givrage  rencontre  cn  vol.  ce  qui 
le  distingue  d'une  formation  de  glace  par  simple  gel  statique  d'eau  liquide.  L'  inclusion  de  bulles  d'air,  de 
cristaux  de  glace  parfois,  et  la  rapidite  de  passage  a  Petal  solide  de  gouttelettes  d'eau  qui  se  trouvaient 
precedemment  dans  un  etat  de  surfusion  particulierement  instable,  creent  des  depots  de  givre  qui  adherent 
tres  bien  sur  les  parties  exposees  des  aeronefs.  Si  l'on  ajoute  a  cela  l'etat  de  surface  finement  rugueux  des 
profils  lorsqu'ils  sont  erodes,  on  peut  imaginer  les  difficulty's  rencontrees  parfois  pour  fa  ire  parUr  les 
depots. 

De  nombreux  parametres  influent  sur  la  formation  du  givre,  mats  en  fait,  il  suffit  de  retenir  les 
principaux  : 

-  la  temperature  de  l'air  charge  de  gouttelettes  , 

-  la  "teneur  en  cau",  generalement  exprimee  en  grammes  par  metre  cube  de  nuages, 

-  le  ”diametre  volumique  median1',  parametre  un  peu  artificiel  qui  cherche  a  rendre  compte  du 
spectre  dimensionnel  des  gouttes  d’eau  , 

-  la  vitesse  ae r odynamique. 

De  fa^on  encore  plus  simplifiee,  on  considere  que  la  ”severiteT'  du  givrage  est  directement  lice  a 
la  teneur  en  eau,  a  vitesse  donnee  bien  entendu,  ce  qui  permet  d'utiliser  des  temoins  de  givrage  comme 
indicateurs  simplifies  de  teneur  en  eau.  La  severite  de  givrage  est  chiffree  en  ’’vitesse  de  depat”,  genera-* 
lenient  exprimee  en  mm/mn. 

Diverses  combinaisons  de  temperatures  et  de  diametres  de  gouttes  entrafnent  des  formations  de 
givre  "en  pointe”,  e'est-a-dire  assez  aerodynamiques,  d'autres  combinaisons  donnent  le  givre  "en  cornes" 
ou  "en  champignon”,  si  pcnalisant  sur  le  plan  aerodynamique. 

La  presence  de  cristaux  de  glace  ou  de  neige  dans  les  nuages  surfondus  augmente  de  fa^on  tres 
imporiante  les  depats  de  givre  capte. 

Malheureusement,  il  ri'existe  pas  a  l'heure  actuelle  de  rrioyen  simple  d' identififer  la  presence  de 
cristaux  de  glace,  ni  d’en  mesurer  les  dimensions  et  la  concentration  dans  les  nuages. 

2  -  LES  CONSEQUENCES  DU  GIVRAGE  - 

Lea  depats  de  givre  agissent  de  plusieurs  faqons  sur  la  mecanique  du  vol  des  aeronefs  . 

Pour  des  aeronefs  moyennement  ou  faiblement  motorises,  la  eombinaison  de  perte  de  puissance 
des  moteurs,  de  degradation  dea  conditions  aerodynamiques  du  vol  et  d’accroissement  de  la  masse  peut 
entralner  l’impossibilit£  de  conserver  le  niveau  de  vol,  la  diminution  de  vitesse,  puis  un  dccrochage  pre¬ 
mature,  a  moins  que  l'aeronef  n'ait  percute  le  sol  auparavant  1 

Pour  les  aeronefs  fortement  motorises,  done  a  performances  souvent  elevees,  le  probleme  est 
moins  crucial  mais  il  subsiste  durant  la  phase  d’attentc*  a  moyenne  ou  basse  altitude,  surtout  pour  les  ailes 
a  profils  modernes,  tres  sensibles  aux  modifications  de  formes. 


Pour  un  avion  comme  Concorde,  le  probleme  est  un  peu  different  ;  de  par  sa  forme  g£om£trique 
et  1' emplacement  des  moteurs,  l'aiie  sert  partiellement  d’entr^e  d'air  ;  c'est  k  ce  titre  qu'elle  a  prot£- 
gSe  contre  le  givrage. 

Pour  les  avions  de  combat,  l’absence  de  phase  d'attente  prolong^e  permet  de  voler  sans  protection, 
sauf  eventuellement  pour  les  avions  M£cole*'  qui  sont  appel£s  k  tourner  k  vitesse  reduite  en  circuit  d'a^ro- 
drome. 

Les  consequences  du  givrage  des  h£licoptkres  sont  un  peu  particulieres.  Elies  d^coulent  du  regime 
a^rodynamique  cyclique  des  pales  et  du  degivrage  naturel  anarchique  des  rotors  cr^e  par  la  force  d'mertie 
centrifuge. 

3  -  PRINCIPES  DE  PROTECTION  CONTRE  LE  GIVRAGE  - 

Dans  I'etat  actuel  de  la  technique,  les  constructeurs  n'appliquent  que  deux  grands  principes  : 

-  l'antigivrage  local  , 

-  le  degivrage  local. 

II  est  en  fait  dommage  d’employer  une  energie  importante  a  faire  fondre  de  la  glace  qui  a  tendance 
k  se  former  su r  les  profils,  alors  que  l'instabilite  mCme  du  phenomene  de  surfusion  des  gouttelettes  devrait 
permettre,  au  prix  d'une  quantity  d'energie  bien  moindre  de  transformer  l'eau  en  cristaux  de  glace  avant 
I'arriv^e  sur  les  profils.  It  n'y  aurait  plus  alors  formation  de  d^pdts. 

C'est  regrettable  mais  le  tel£ -antigivrage  par  rayon  8ophistiqu£  n'existe  pas  encore. 

En  l'attendant,  on  construit  des  systemes  assez  lourds  et  gourmands  en  Energie  .  .  .  done  en  car- 

burant. 

Le  degivrage  pneumatique  par  deformation  brutale  de  chambres  en  caoutchouc  collees  sur  les  bords 
d’attaque  des  voilures  est  perfectionne  et  utilise  sur  les  avions  volant  relativement  lentement. 

L'antigivrage  et  le  degivrage  par  liquide  existent  toujours.  Ils  ont  mftme  et£  perfectionnSs  par  Vem- 
ploi  des  bords  d'attaque  en  materiaux  poreux,  permettant  I'exsudation  contr&lee  des  produits  chimiques. 

L’antigivrage  et  le  degivrage  thermiques  sont  assures  soit  par  air  chaud,  soit  par  resistance  £lec- 
trique  ;  les  tuyauteries  et  echangeurs,  ainsi  que  les  systemes  de  cyclage  et  de  s^curite  sont  bien  au  point, 
mais  lourds,  encombrants  et  coQteux. 

Depuis  quelques  ann^es,  les  sovietiques  ont  d£velopp£  un  systome  de  degivrage  a  impulseurs  £lec- 
tro-magnetiques,  qui  reprend  le  principe  de  l'ancien  ddgivrage  cyclique  pneumatique,  mais  n'entrafne  plus 
qu'une  deformation  imperceptible  des  profils  lors  de  fonctionnements  impulsionnels  du  systeme  ;  ce  principe, 
tres  economique  en  ce  qui  concerne  l'energie,  paratt  promis  k  un  bel  avenir  si  les  applications  ne  font  pas 
apparaftre  de  probleme  technologique  majeur. 

Pour  proteger  les  helicopte  res,  les  constructeurs  utilisent  les  mfcmes  principes  que  pour  proteger 
les  avions,  en  ce  qui  concerne  les  moteurs,  les  points  sensibles  de  la  cellule  et  les  pales.  Les  techniques 
de  protection  des  pales  ont  dQ  Stre  patiemjnent  adaptees  et  c'est  surtout  l'arrivee  de  la  generation  des  pales 
plastiques  qui  a  permis  de  mattriser  le  probleme. 

4  -  MISE  AU  POINT  ET  ESSAIS  DES  PROTECTIONS  - 

La  mise  au  pc.int  et  la  demonstration  de  validite  des  systemes  de  protection  contre  le  givrage  neces- 
sitent  en  general  une  cascade  de  moyensd'etude  et  d'essais. 

La  premiere  dtape  est,  bien  evidemment,  I'ETUDE.  La  reflexion  basee  sur  I’oxpo rienc  e.  permet 
rapidement  de  retenir  tous  les  points  techniques  qui  meriteront  d’etre  vus  en  detail,  et  d’eliminer,  avee 
justifications,  ceux  qui  n'entrafnent  pas  de  risque  particulier. 

L'ctude  permet  cgalement  de  choisir  dans  la  panoplie  des  moyens  de  demonstration,  ceux  qui  sont 
les  plus  appropries  et  de  justifier  les  choix. 

Enfin  les  calculs  et  la  conception  permettent  de  dimensionner  les  pieces  et  d’en  lancer  la  fabrication. 

Les  ESSAIS  EN  SOUFFLERIE  DE  GIVRAGE  sont  de  deux  types  prineipaux  : 

-  les  essais  de  determination  des  zOnes  et  ^tendues  de  captation,  lorsque  cette  determination  ne 
pent  fctre  assuree  par  le  calcul.  Ces  essais  peuvent  Mre  faits  sur  maquettes  a  cchelle  reduite, 

-  les  essais,  h  Cchelle  1,  d'efficacit^  d'el^ments  de  protection.  II  s'agit  en  general  de  tron^ons 

repr^sentatifs.  II  est  important  de  noter  que  le9  effets  thertniqnes  ne  peuvent  pas  simul^s  k  Cchelle 

reduite  de  faqon  simple. 

Les  ESSAIS  DE  LABOR  ATOIRE  permettent  de  verifier  certaines  ca racte ristiques  des  Elements  de 
systemes  de  protection. 
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Les  ESSAIS  EN  VOL  EN  CIEL  CLAIR  permettent,  lorsque  c'est  ndceasaire,  de  verifier  lea  qua- 
litds  thermiques  ou  adrodynamiques  dee  protections,  le  ruiaaellement  de  fluide  ou  le  comportement  de  I'ad- 
ronef  chargd  de  givre  sur  aes  states  non  protdgdes. 

Fin  fin  deux  types  d'  ESSAIS  EN  VOL  EN  GIVRAGE  sont  pratiques  : 

-  les  essais  en  givrage  artificiel  dans  des  nuages  produits  par  des  installations  fixes  ou  mobiles, 

-  les  essais  en  givrage  naturel. 


5  -  ESSAIS  EN  VOL  EN  GIVRAGE  - 

5.  1.  -  Essais  en  givrage  artificiel. 

Les  conditions  naaurelles  de  givrage  sont  difficiles  &  trouver  lorsque  l'on  recherche  des  sdvdritys 
constantes  et  intdressa ntes.  Aussi  s'eat-on  ingdnid  depute  vingt  cinq  ans  k  faire  voler  des  rampes  munies 
d'injecteurs  d'eau  de  fa{on  k  crder,  en  ciel  clair,  des  nuages  de  caractdristiques  connues,  contrOldes  et 
constantes.  On  a  ainsi  constitud  des  sortes  de  aouffleries  givrantes,  de  dimensions  infinies,  permettant 
1'dtude  du  givrage  et  de  ses  effets  en  conditions  de  vol  rdelles.  L'idde  est  sdduisante.  Elle  a  pourtant  ses 
inconvdnients.  Les  aspects  principaux  sont  rfsumfs  ci-dessous  : 

AVANTAGES, 

-  possibilities  frdquentes  de  vol  en  ciel  clair,  k  altitudes  et  temperatures  ddtermindes  d'avance, 
d'ou  rapidite  de  deroulement  des  campagnes  d'essais, 

-  Constance  et  reproductibilitd  des  conditions  givrantes, 

-  souplesse  d'adaptation  ^ux  diffdrentes  phases  de  mise  au  point,  reprise  d'essais  apres  modifi¬ 
cation, 

-  dtendue  limitde  du  nuage  en  largeur  et  dpaisseur,  done  possibility  d'dtudier  la  captation  sur  une 
zone  particulifere  de  l'adronef  en  essai,  sans  perturber  les  autres  zones, 

-  relative  facility  des  essais, 

-  nombre  contrOle  d'heures  d'essai  done  coOt  maftrisy, 

-  possibility  d'effectuer  les  essais  pendant  de  nombreux  mois  de  l'annye. 

INCONVENIENT^- 

-  givre  produit  assez  diffdrent  du  givre  naturel,  du  fait  de  la  pulvyrisation  des  gouttes  en  air  sec, 
done  loin  de  la  saturation, 

-  diametre  volumique  mydian  et  spectre  dimensionnel  dycaiys  vers  les  grosses  gouttes  du  fait  de 
l'yvaporation  des  petites, 

-  difficultys  pour  assurer  une  distance  constante  entre  I'ayronef  en  essais  et  la  grille,  d'ou  varia¬ 
tions  des  caractyristiques  des  gouttes  et  de  la  teneur  en  eau, 

-  vol  de  I'ayronef  en  essai  en  atmosphere  turbulente  provoquee  par  le  sillage  de  l'adronef  pulvdri- 
sateur, 

-  faible  ytendue  du  nuage  en  largeur  et  dpaisseur,  ne  permettant  pas  de  juger  le  comportement  de 
I'ayronef  totalement  givre, 

-  en  general,  autonomie  faible  de  la  pulverisation  d'eau  pour  les  fortes  teneurs  en  eau  (excepty 
avec  l'avion  KC  135). 


Compte  tenu  de  tout  ceci,  les  essais  en  vol  en  givrage  artificiel  sont  avant  tout  reserves  aux  essais 
de  mise  au  point  et  ils  peuvent  rarement  k  eux  seuls,  constituer  la  demonstration  globale  et  finale  d'aptitude 
au  vol  en  conditions  givrantes. 

Cela  s’est  montre  particulierement  vrai  pour  la  grille  de  givrage  pour  hdlicoptere  du  National 
Research  Council  du  Canada,  k  OTTAWA,  puisque  la  grille  est  fixe,  k  l'air  libre,  et  que  seuls  des  vols 
stationnaires  dans  l'effet  de  sol  peuvent  y  6tre  effectuys. 

Aux  Etats-Unis,  le  systeme  HISS  (Helicopter  Icing  Spray  System)  a  dte  developpe  pour  remydier 
aux  defauts  de  la  grille  fixe.  II  est  mobile  puisque  constituy  d'un  hyiicoptere  CH  47  pulvy risateur,  mais  il 
est  affecty  de  la  majority  des  inconvynients  citys  prycydemment. 

En  ce  qui  concerne  les  avions  pulvyrisateurs  dont  les  exemples  les  plus  rdeents  sont  un  KC  135  et 
un  CESSNA  .  .  .  aux  Etats-Unis,  et  un  CANBERRA  au  Koyaume  Uni,  on  trouve  ici  encore  des  applications 
dans  la  mise  au  point  des  sytemes  de  dygivrage.  Les  rdsultats  des  essais  en  givrage  artificiel  sont  rare¬ 
ment  acceptds  sans  discussion  lorsqu'ils  Bont  prdsentds  comme  des  justifications  aux  exigences  des  normes, 
par  exemple  de  la  FAR  25-1419  appendice  C. 

Les  essais  en  vol  en  givrage  artificiel  peuvent  parfois  compldter  les  essais  faits  en  soufflerie  de 
givrage,  mais  l'on  a  vu  des  cas  ou  le  mtme  point  d'essai,  effected  avec  les  deux  moyens,  a  donnd  des 
rdsultats  franchement  diffdrents  sans  qu'il  soil  vraiement  possible  d'incriminer  l'un  des  moyens  d'essai 
plus  que  l'autre. 


5.  Z.  -  Essais  en  givrage  naturel. 

La  scale  fa^on  done  de  juger  la  validity  des  aystfcmes  de  protection  contre  le  givrage  d'un  a^ronef, 
dans  leur  ensemble,  semble  fctre  de  les  ess&yer  dans  les  conditions  de  givrage  rlelles,  naturelles.  Malheu- 
reusement  encore  nous  allons  trouver,  k  c&ty  des  avantages,  un  certain  nombre  d'inconvdnients.  Si  nous 
regardons  les  principaux,  nous  trouvons  : 

AVANTAGES. 

-  conditions  naturelles,  r^elles,  done  inattaquables  sur  le  plan  de  la  representative  1 

-  conditions  d'ambiance  totale,  de  grande  ytendue  par  rapport  aux  dimensions  de  I'a^ronef,  d'ou 
possibility  de  juger  le  comportement  global,  mais  aussi  tous  les  aspects  du  problfeme  :  conditions 
de  travail  de  l"£quipage,  moyens  de  detection  ou  d'appryciation,  phynomfenes  associds  (bruit  des 
prycipitations,  turbulence  naturelle,  foudre,  grgle  yventuelle  ...).• 

INCONVENIENTS. 

-  difficulty,  sinon  quasi  impossibility  k  l’heure  actuelle,  de  mesurer  les  paramfetres  principaux  du 
givrage,  k  part  la  tempyrature  de  l'air, 

-  impossibility  done  de  se  situer  valablement  par  rapport  aux  exigences  des  normes, 

-  difficulty  de  ryaliser  les  essais  puisque  de  trfes  nombreuses  conditions  doivent  fttre  ryunies  : 
situation  mytyorologique  favorable,  contr&le  ayrien  stir  et  efficace,  zdnes  survoiyes  convenant  k 
des  essais  parfois  dangereux, 

-  immobilisation  parfois  longue  de  l'ayronef  pour  des  "campagnes  d'essais”  et  coQt  yievy  de  ces 
campagnes. 

Si  nous  discutons  chaque  point  plus  en  dytail,  nous  voyons  que  certains  inconvynients  sont  communs, 
en  fait,  k  tous  les  types  d'essais  en  givrage.  Ainsi  en  est-il  de  la  position  du  point  d'essai  effectuy  par  rap¬ 
port  au  domaine  des  normes. 

En  givrage  naturel,  il  est  certain  que  I'on  rencontre  deB  conditions  belles,  indiscutables,  mais 
faute  de  savoir  les  mesurer,  on  ne  saura  pas  dire  si  l'essai  aura  yty  syvere  ou  non,  ou  du  moins  comment 
il  l'aura  yty. 

Et  puis  mfcme  saurait-on  mesurer  avec  prycision  et  rapidity  la  teneur  en  eau,  comment  utiliser 
un  tel  param^tre,  qui  peut  varier  en  permanence  dans  un  rapport  de  5  ou  1  0  dans  les  nuages  cumuliforms ? 
Comment  le  comparer  a  des  normes  rigides,  monolithiques  ? 

Ou  comment  faire  yvoluer  les  normes  pour  tenir  compte  de  variations  incessantes  de  teneur  en  eau  ? 
Serait-ce  mfcme  souhaitable  ?  reprysentatif  ? 

Le  principal  probleme  avec  les  essais  en  givrage  naturel  est  que  l1  on  ne  sait  jamais  quand  s'arrfcter. 
A-t-on  rencontry  un  c as  suffisamment  reprysentatif  ?  A-t-on  eu  asses  de  nuages  stratiformes,  de  nuages 
cumuliformes,  de  cristaux  de  glace  .  .  ♦  pour  bien  dymontrer  que  l1  avion  peut  voler  sainement  dans  toutes 
les  conditions  givrantes  ? 

Dans  la  fa^on  de  conduire  les  essais,  il  faut  savoir  fetre  tres  souple  si  I'on  veut  Ctre  efficace  pour 
un  prix  raisonnable. 

5,  2.  1 ,  -  Essais  des  avions  en  givrage  naturel. 

Ces  essais  suivent  toute  la  somme  des  dymonstrations,  justifications  et  essais  pryeydents.  Us  ont 
surtout  pour  but  de  vyrifier  que  tout  se  passe  bien  pour  1* ensemble  de  l1  avion,  qu'aucun  point  nfa  yty  oubliy 
et  que  les  clients  utilisateurs  n'auront  pas  de  surprise.  Il  ne  serait  en  effet  pas  honnfete  de  laisser  voler  les 
utilisateurs  dans  des  conditions  d'environnement  hostile  sans  avoir  pryalablement  voiy  dans  ces  conditions. 

Les  essais  ytant  de  comportement  en  givrage, "de  vyrification  finale”  et  non  de  mise  au  point,  il 
est  possible  et  judicieux  de  les  regrouper  en  une  c&mpagne  spycifique,  sans  terrain  de  dypart  bien  prycis, 
afin  de  suivre  les  «  traditions  givrantes  dans  une  z&ne  ytendue,  1’ Europe  et  I'Afrique  du  Nord  par  exemple, 
ou  l'ensemble  d  inent  Nord- Amyricain  (voir  figure  n"  1). 

11  faut  pour  cela  disposer  d'un  appareil  de  syrie,  ou  presque,  inis  en  oeuvre  par  une  yquipe  rlduite 
et  souple.  Les  essais  peuvent  fctre  conduits  en  une  semaine  ou  mfcme  moins,  pour  trois  ou  quatre  vols  Bigni- 
ficatifs  dans  les  configurations  les  plus  reprysentatives. 

Un  exemple  typique  est  celui  de  1' Airbus  A  300  B  avec  lequel  le  givrage  a  yty  cherchy  et  trouvy 
Hambourg,  et  quarante  huit  heures  plus  tard  k  Tunis. 
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Les  configurations  essayles  sont  en  g£n£ral,(voir  figure  n°  2)  : 

-  yventuellement  croisifere  (pour  avions  non  pressurises), 

-  attente  lisse, 

-  attente  bees  et  volets  sortis, 

-  approche,  suivie  de  remise  des  gar  avec  rentrle  du  train  puis  des  dispositifs  hypersusten- 
ta  teurs, 

-  cas  de  pannes  typiques. 

La  rentrle  des  elements  mobiles  apres  captation  peut  poser  certains  problemes  qu'il  est  bon 
d' identifier  avant  de  certifier  l' avion. 

5.  2.  2.  -  Essais  des  hdlicoptferes  en  givrage  naturel. 

Compte  tenu  de  l'^tat  actuel  des  connaissances  en  afirodynamique  de  l'hdlicoptfere  et  des  moyens 
d'essais  des  rotors  Si  I'dchelle  1,  les  calculs  et  les  essais  au  banc,  tout  comme  les  essais  en  givrage  arti- 
ficiel,  sont  insuffisants  pour  mettre  au  point  et  justifier  le  comportement  de  la  machine  ou  les  moyens  de 
protection,  Les  essais  en  vol  en  givrage  naturel  restent  done  le  moyen  principal  et  les  essais  doivent 
s'dtendre  sur  de  longues  p£riodes,  &  proximity  des  installations  du  constructeur  ou  d'un  centre  bien  £quip£. 
Dans  les  premiers  temps  de  la  mise  au  point,  l'dquipe  sera  ndeessairement  plus  nombreuse  et  les  dyplace- 
ments  difficiles.  11  n'est  pas  possible  alors  de  suivre  les  conditions  m£t£orologiques  favorables,  il  faut  les 
attendre  sur  place.  Le  choix  du  lieu  d'attente,  du  "camp  de  base"  devient  trfcs  important  puisqu’il  faut  opti- 
miser  le  melange  des  paramfetres  suivants  : 

-  statistiques  m£t£orologiques  favorables, 

-  zOne  non  dangereuse  et  praticable  pour  le  "Search  and  Rescue", 

-  contrOle  aerien  souple,  avec  en  g^ndral  contrble  radar  positif, 

-  hangars  et  moyens  techniques  sol  importants, 

-  facility  et  rapidity  de  liaison  avec  1'usine  du  construc‘eur, 

-  laboratoire  photo  et  moyens  de  d£pouillement, 

-  possibility  d'hybergement  et  de  vie  du  personnel. 

Compte  tenu  de  l'importance  des  essais,  l'installation  de  mesures  doit  6tre  assez  diversifide  et 
complete.  Elle  doit  permettre  de  chiffrer  : 

-  les  paramfetres  habituels  de  vol,  et  notamment  ceux  reprdsentant  les  performances  (rdgime  ro¬ 
tor,  rfgimes  moteura,  temperatures  moteurs,  couples,  vitesse,  altitude...), 

-  les  niveaux  des  contraintes  les  plus  importantes  , 

-  les  niveaux  vibratoires, 

-  les  parametres  reprd sentatifs  du  fonctionnement  des  systemes  de  protection, 

-  l'importance  des  depots  rlsiduels  de  givre  , 

et  bien  stir  les  paramfetres  du  givrage  :  vitesse  de  ddpbt,  temperature  du  nuage,  teneur  en  eau 
et  yventuellement,  diamfetre  des  gouttelettes. 

Enfin,  les  essais  eux-mtmes  doivent  s'appliquer  a  toutes  les  phases  de  vol  de  l'hyiicoptere  car 
le  domaine  de  vol  altitude-vitesse  est  tel  que  l'helicoptere  est  susceptible,  Sk  la  limite,  d'effectuer  toute  la 
durde  d'un  vol  en  conditions  givrantes,  (voir  figure  n*  2)  : 

-  roulage  au  sol  en  brouillard  givrant  , 

-  attente  au  sol  en  brouillard  givrant, 

-  mont4e, 

-  palier  croisifere, 

-  palier  attente, 

-  descente, 

-  approche, 

-  remise  de  pas,  nouvelle  attente  .  . .  etc, 

en  n'oubliant  pas,  bien  entendu,  les  cas  de  pannes  les  plus  reprysentatifs. 

Le  programme  d'ensemble  "mise  au  point"  plus  "certification"  s'ytale  bien  sur  cinquante  h  soi- 
xante  heures  de  vol  en  conditions  givrantes  diverses,  soit  1  50  k  ZOO  heures  de  vol  au  total,  y  compris  en 
cumulus  congestus  avec  risques  associys  (foudre,  grele,  turbulence  . . .  ).  II  est  difficile  de  ryaliser  cela 
en  une  seule  saison  et,  dans  l'ytat  actuel  de  la  technique,  il  est  sage  de  pryvoir  des  essais  ytaiys  sur  deux 
ans. 

Encore  faut-il  #tre  conscient  que  la  protection  des  hyiicoptferes  contre  le  givrage  est  une  technique 
rycente  et  que  l'on  ne  peut  lui  demander  les  mtmei  qualitys  qu'4  la  protection’hvions"qui  byndficie  de  plusieurs 
dizaines  de  milliers  d'heures  de  vol  d'exp<irience. 

En  fait,  vu  la  taille  et  la  technologie  actuelle  des  hyiicoptferes,  il  faut  comparer  ceux-ci  aux  avions 
bimoteurs  ^  turbopropulseurs  (type  aviation  gynyrale  ou  Jeme  niveau)  et  non  aux  jumbo-jets  ou  avions  de 
ligne  rycerts  ! 

Ce  point,  trfes  important,  semble  #tre  fryquemment  ignory,  d'ou  des  malentendus  lors  des  discus¬ 
sions  de  certification. 


6  -  CONCLUSIONS  - 


Les  essais  en  vol  d'aeronefs  en  conditions  givrantea  sont  fortement  marques  par  la  "non  disponi- 
bilite"  et  la  ’'non  reproductibilitd"  des  conditions  atmosph£riques. 

Contrairement  aux  essais  en  vol  couranta  de  performances  ou  de  qualities  de  vol,  qui  se  ddroulent 
en  atmosphere  standard  ou  pour  lesquels  il  est  possible  de  corriger  l'effet  des  changements  de  conditions, 
les  essais  qui  nous  concernent  sont  tributaires  de  nombrm  parametres  qui  nous  Ichappent  et  que  l'on  ne 
sait  pas  facilement  mesurer. 

La  production  de  givrage  artificiel  paraft  fttre  la  solution  miracle,  au  moins  par  sa  "Constance" 
et  sa  "reproductibilite",  mais  les  difficultds  techniques  pour  l'assurer  et  les  differences  importantes  entre 
givrage  artificiel  et  givrage  naturel  font  qu'il  n'est  pas  possible  de  tout  justifier  de  cette  faqon. 

Pour  les  heiicopteres,  ce  sont  encore  la  mise  au  point  des  protections  et  l'etude  du  comportement 
des  machines  qui  sont  assurles  en  givrage  naturel. 

Pour  les  avions,  c'est  principalement  la  verification  du  comportement  de  l'aeronef,  dans  ses 
phases  de  vol  reelles. 

Mtme  dans  ce  dernier  cas,  les  essais  ne  doivent  pas  6tre  negliges  ;  its  apportent  une  garantie  de 
qualite  pour  I'ensemble  des  problemes  du  vol  en  environnement  hostile  alors  que,  en  general,  tous  les  essais 
en  vol  d'un  avion  se  sont  precedemment  passes  en  ciel  clair,  ou  presque. 


HELIC<  PTERES 
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CONFIG  URATION 


GIVRE  NEICE 


Figure  3 


C  D  E 

_  ...  .  TurbMlena 

Condition!  Pluie  _ 

,  Foudre 

mixtee  vergla^ante  ^ 


1. 1. 

ROULAGE  -  ATTENTE  AU  SOL 

OUI 

10+30  mn 

OUI 

10+15  mn 

NON 

OUI 

1  5  mn 

NON 

a  b  c  d  e 

e  b 

a  b 

1.2. 

stationnaire 

OUI 

30  mn  HES 

OUI 

30mn  DES 

NON 

NON 

NON 

a  b  c  d  e 

a  b 

1.3. 

TRANSLATION  FAIBLE  IV 

NON 

couvert 

OUI 

30  mn 

NON 

OUI 

30  mn 

NON 

par  2  A  1 

abc 

* b 

OUI  j 

en  cond. 

1.4. 

DECOLLAGE  -  ACCELERATION 

BC 

OUI 

NON 

OUI 

NON 

abed 

e  b 

e  b 

1.  5. 

MONT EE 

OUI* 

OUI* 

OUI* 

NON 

OUI* 

a  b  c  d  e 

e  b 

b  c  d  e 

b  c 

1.  6. 

PALXERS 

Suivi  de  terrain.  Vitesse  «i  definir 

OUI  lhOO 

OUI  lhOO 

NON 

NON 

couvert  per 

3  D 

NON 

1.  7. 

Croisifere  long  range 

OUI  lhOO 

OUI  lhOO 

OUI  30  mn 

NON 

OUI  30  mn 

.1.  8. 

Croieiere  maxi  en  givrage 

OUI  lhOO 

NON 

OUI  1  0  mn 

NON 

OUI  10  mn 

|  a  b  c  d  e  abc 


DESCENTE 


1,9.  Normale 

OUI* 

OUI* 

OUI* 

NON 

OUI* 

1.10.  Rapide 

OUI* 

a  b  c  d  e 

NON 

NON 

OUI* 

OUI* 

i 

1.11.  APPROCHE  ET  DECELERATION 

OUI 

epais.  1  Orm 

b  c 

OUI  6mn  | 

NON 

OUI  6m n 

NON 

1.  12.  REMISE  DE  PAS  AVEC  RENTREE  | 

DE  TRAIN 

OUI 

b  c 

1 

OUI  j 

] 

NON 

i 

NON  car 
visibility 

suffisante 

NON 

2.  1 

PANNE  1  MOTEUR  AU  DECOLLAGE 

OUI 

NON 

NON 

OUI 

NON 

b  c 

i  a  b 

NON 

2.  2. 

PANNE  MOTEUR  EN  CROISIERE 

OUI  4  5mn 

touvert  par 

OUI  1  Om  n 

NON 

NON 

b  c 

9  li 

b  c 

OUI 

2.  3. 

PANNE  MOTEUR  EN  APPROCHE 

1  0 mm  eur 

NON 

NON 

NON 

NON 

tymoin 
b  c 

_  _  _ 

2.4. 

DELA1  DEGIVRAGE  ROTOR 

OUI 

NON 

OUI 

OUI 

NON 

bed 

c  d 

a  b 

2.  5. 

PANNES  PARTIELLES  PROTECTION 

OUI 

NON 

OUI 

OUI 

NON 

ROTORS 

bed 

c  d 

a  b 

2.  6. 

PANNE  TOT  ALE  PROTECTION 

ROTORS 
-  principal 

_  art-i^r# 

OUI 

bed 

NON 

OUI 
c  d 

OUI 

a  b 

OUI 
b  c 

Dur^e  i  fixer  pour  cheque  type  d'h^licoptfe  re. 

Limite  de  couple  &  determiner  event  ou  pendant  lee  eaeeia. 


BG  =  brouillard  givrant 
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SUMMARY  OF  SESSION  III  -  ENVIRONMENTAL  TESTING 

\ 


Environmental  testing  has  achieved  a  considerable  maturity  and  is  now  regarded  an  essential 
feature  of  an  aircraft  development  program.  Outstanding  facilities  exist  in  the  USAF 
Climatic  Hangar,  Canadian  National  Research  Council  Helicopter  Spray  Rig,  US  Army  Heli¬ 
copter  Icing  Spray  System,  to  mention  but  a  few  -  and  these  facilities  are  being  cons¬ 
tantly  used  for  the  development  and  qualification  of  new  systems,  aircraft,  alternate 
fuels,  etc.  Considerable  investment  by  major  aircraft  and  helicopter  manufacturing  firms 
and  their  counterpart  government  certification  agencies  attests  to  the  importance  of 
environmental  testing  for  current  and  future  helicopters.  Major  investments  have  been  made 
f  !  in  instrumentation  to  determine  the  test  environment,  results  of  exposure  of  test  systems 

to  those  environments,  and  monitoring  of  flight  safety  parameters.  It  is  agreed  that 
environmental  qualification  is  an  incremental  process,  often  starting  with  design  support 
testing,  then  full  scale  simulated  environment  testing,  and  finally  natural  environment 
testing.  It  should  be  mentioned  that  for  the  specific  case  of  helicopter  icing,  an 
expanded  discussion  of  this  subject  will  appear  in  an  AGARDograph  to  be  issued  in  Spring 
1981  by  the  FMP  Working  Group  09. 


i 

i 
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L’ INTERFACE  MESURE  DES  SYSTEMES  DIGIBUS 
par 

C  .  RAT 

Centre  d'Essais  en  Vol/SM 
91220  Bre t igny-sur-Or ge 
France 


Cet  expose  presente  le  Digibus  £  travers  le  programme  Mirage  2000,  en  raison  du  role  fondamental 
qu’il  a  joue  dans  la  realisation  du  systeme  d'annes  de  cet  avion.  En  effet  pour  utiliser  les  grandes  capaci- 
tes  operational  les  de  l'avion,  un  effort  important  d 1 integration  a  ete  fait  au  niveau  de  la  cabine  pour 
realiser  les  meilleurs  compromis  dans  la  presentation  des  parametres  et  des  conmandes  du  systeme  au  pilote  : 
visualisations tete  haute  adaptees  I  chaque  phase  de  volp  commandes  multiplexees,  presentations  synthetiques 
de  situations  tactiques.  L'utilisation  d'un  bus  numerique  est  absolument  necessaire  pour  mener  a  bien  la 
realisation  d'un  tel  programme. 

I  -  Introduction 

II  -  L’avionique  et  le  bus  numerique 

III  -  Aspect  technique  du  digibus 

IV  -  Relation  bus  numerique  -  visualisation  programmable 

V  -  Conclusion. 


1  *  INTROPUCTION.HISTORIQUE 

Le  Digibus  constitue  une  interface  qui  permet  une  transmission  de  donnees  sous  forme  numerique 
multiplexee  entre  les  differents  elements  d’un  systeme,  en  I’occurrence  le  systeme  de  navigation  et  d'attaque 
du  Mirage  2000. 

II  a  ete  developpe  par  l ' electronique  Marcel  Dassault  (EMD)  en  1972  dans  le  cadre  du  programme  de 
l'avion  de  combat  futur  (ACF).  Par  suite  de  1 'evolution  des  progranmes  les  etudes  faites  pour  l'ACF  ont  ete 
utilisees  au  benefice  du  systeme  d'armes  du  Mirage  2000. 

Le  Digibus  est  utilise  actuellement  sur  les  prototypes  du  Mirage  2000  et  les  avions  de  servitude 
du  programme  2000  qui  volent  au  Centre  d'Essais  en  Vol  (CEV) .  On  peut  dire  que  le  Digibus  a  ete  cree  pour 
distribuer  1  *  inf ormation  :il  assure  la  transmission  des  donnees  entre  les  elements  du  systeme  d'armes  d’un 
avion  de  combat. 


Elements  de  base  du  systeme  d'annes  du  Mirage  2000  - 

-  En  rouge  : 

.  Centrale  &  inertie  UNI  52 
.  Centrale  aerodynamique 
.  Calculateur  principal  CP  2084 
.  Unite  secondaire  de  gestion  USG  284 
.  Boitier  generateur  de  symboles  BGS 
.  Pilote  automatique  PA 

-  Encadres 

.  Viseur  tete  haute 
.  Viseur  tete  basse 
.  Visualisation  contre-mesure 

-  En  blanc 

.  Indicateur  de  navigation  IDN 
.  Indicateur  att i tudes-cap 
.  Radar  Doppler  (RDM  ou  RDI) 

•  Contrenesures 

.  Poste  de  commande  navigation  PCN 
.  loste  de  commande  armement  PCA 
.  Poste  de  commande  Radar  PCR. 


Figure  1 
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Les  six  premiers  elements  comportent  un  calculateur  numerique  capable  de  traiter  les  informations 
avant  de  les  envoyer  sur  le  Digibus,  le  calculateur  principal  occupant  une  place  particuliere  en  tant  que 
gestionnaire  des  echanges.  Les  trois  suivants  sont  des  visual i sat  ions  programraables  dont  les  images  sont 
calcuiees  par  le  boxtier  generateur  de  syraboles. 


It  -  ETAT  ET  TENDANCE  DE  L'AVIONXQUE  -  LE  BUS  NUMERIQUE 

L'evolution  actuelle  de  l'avionique  est  considerable  et  se  manifeste  principalement  par  la  nuraeri- 
sation.  Celle-ci  a  commence  dans  les  organes  de  traitement  (les  calculateurs)  puis  a  gagne  les  capteurs 
(centrales  aerodynamiques ,  centrales  a  inertie,  radars),  les  pilotes  automatiques  ainsi  que  les  commandes  de 
vol  et  le  controle  moteur. 


La  numer isation  des  echanges  :  le  bus. 

Par  les  systemes  2000  actuels  les  informations  sont  obtenues  directement  et  transportees  sous 
forme  numerique.  On  voit  ainsi  apparaitre  un  avantage  fondamental  des  systemes  numeriques,  il  est  en  effet 
possible  par  des  methodes  dites  de  "mu  1  tipi  exage  temporel"  de  faire  passer  des  informations  di f  f  erentes  sur 
un  seul  fil.  On  les  envoie  successivement  en  les  accompagnant  d'une  information  (adresse)  permettant  de  les 
retrouver  a  1‘arrivee. 


Les  premiers  bus  ne  compor taient  qu'un  emetteur  et  plusieurs  recepteurs.  L'emetteur  est  1 'equipe- 
raent  qui  elabore  un  groupe  d ’ inf ormations ,  le  recepteur  celui  qui  en  a  besoin  en  totalite  ou  en  partie. 


Figure  2 


-  Exemple  de  messages  ou  la  centrale  a  inertie  est  l’emetteur. 


Depuis  le  debut  des  annees  70  differents  types  de  bus  <  nt  ete  developpes  pour  lesquels  chaque 
equipement  connecte  peut  etre  tour  a  tour  emetteur  ou  recepteur.  La  diminution  du  volume  de  cablage  et  la 
possibility  de  traitement  a  fait  adopter  ce  type  de  bus  sur  de  nombreux  programmes  : 


,  Mirage  2000 

.  Mirage  FI  nouvelle  version 
.  Atlantic  nouvelle  generation  ANG. 

Ils  ont  egalement  ete  utilises  sur  d'autres  systemes  en  particulier  con^us  pour  l'aviation 
civile  comme  la  Caravelle  ALIS. 


Ill  -  ASPECT  TECHNIQUE  DU  DIGIBUS 

Sur  le  Mirage  2000,  le  Digibus  est  double  dans  un  souci  de  fiabilite  et  de  maintenance.  II  y  a  done 
un  Digibus  principal  appele  Digibus  1  et  le  Digibus  2  Figure  3. 

C'est  pour  I’unite  de  gestion  en  service,  qui  peut  etre  sait  le  calculateur  principal  CP  soit  l'uni- 
te  secondaire  de  gestion  USG  que  s'effectue  le  transfert  de  1  *  inf ormat ion  entre  les  deux  Digibus. 

.  Aspect  de  la  liaison  equipement  bus. 

Structure  du  support  de  transmission. 

Le  branchement  des  equipements  sur  le  Digibus  (per ipher i ques  PT)  se  fait  en  derivation  ce  qui  permet 
de  retirer  un  peripherique  PI  sans  interrompre  le  fonct ionnement  du  systeme.  Seuls  les  equipements  de  bout  de 
ligne  qui  comportent  les  resistances  electriques  d’adaptation  doivent.  etre  remplaces  en  cas  d'absence  par  une 
resistance  equivalente|  Figure  3| 

La  liaison  proprement  dite  entre  l'equipement  et  le  bus  se  presente  sous  la  forme  d’un  coupleur  (CSF) 
associe  a  une  logique  emission  -  reception. 

|  Figure  U  [  On  observe  sur  la  Figure  4  les  trois  types  de  redondances  itilisees  pour  la  fiabilite 
de  la  1 i a i son  : 

.  Redondance  simple  sur  les  interfaces  des  bus 

.  Redondance  simple  sur  la  logique  et  sur  les  interfaces  des  bus 

.  Redondance  simple  sur  la  logique  double  sur  les  interfaces  des  bus. 
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-  Type  de  I iaison 

Le  systeme  d'echange  des  informations  numeriques  est  organise  autour  de  deux  Oigibus  comportant 
chacun  deux  lignes  : 


.  Une  ligne  de  procedure  LP  ind irect ionnel le  sur  laquelle  1 'unite  de  gestion  met  les  mots  de  proce¬ 
dure  a  destination  des  equipements 


.  Une  ligne  de  donnee  LD  b idirec t ionnel le  sur  laquelle  sont  transmises  les  donnees  en  emission  et 


recept ion. 


-  Caracter i st ique  des  signaux  de  transmission 

Le  rythme  des  bits  est  fonction  des  besoins  en  echanges  d ' inf ormat ions  et  des  possibilites  d'exten- 
sion  que  1 'on  desire.  Une  vitesse  de  I  Megabits  par  seconde  a  ete  retenue. 

Modulation  et  type  de  codage  :  le  code  utilise  est  un  code  biphase  retour  a  zero  et  la  modulation 
est  a  trois  niveaux.  La  composante  continue  est  nulle  afin  do  pouvoir  utiliser  dans  de  bonnes  conditions  les 
liaisons  par  transf orraateurs . 

Figure  5  -  Schema  du  code  biphase. 

Niveau  de  tension  sur  les  lignes  bus  pour  un  niveau  d ’emission  de  b  volts  (+  6  V  ♦  I  V) 

-  Gestion  des  echanges 

.  Le  caractere  est  1 'element  de  base  de  10  bits  indissociables  a  la  transmission  commencant  par 
un  bit  de  validite,  un  octet  de  huit  bits  utiles  et  un  bit  d’imparite  portant  sur  tout  le  caractere jFigure  5  } 

.  Le  message  est  1 'ensemble  des  caracteres  vehicules  en  un  soul  bloc  et  dans  un  seul  sens. 

.  L'echange  est  1 'ensemble  des  messages  vehicules  sur  le  bus  a  partir  d'une  seule  initiative  de 
l'unite  de  gestion. 

-  Type  d'adressage 

Deux  types  d'adressages  sont  utilises  dans  la  procedure  d'echange. 

-  l.'adressage  explicite  au  physique  (direct) 

tl  est  utilise  lorsque  les  parametrcs  a  vehiculer  ne  concernent  que  peu  d 'equipements  recepteurs 
car  il  implique  un  mot  de  commande  par  recepteur  concerne. 

-  l.'adressage  implicitc  .iu  par  label  (indirect) 

l l  consiste  a  adresser  de  maniere  explicite  l'emetteur  du  bloc  de  mots  de  donnees  et  de  maniere 
implicate  les  recepteurs.  11  est  interessant  pour  les  echanges  ayant  pour  origine  un  equipement  et  pour 
dost inataires  de  nombreux  recepteurs. 

IV  -  LIAISON  KNTRE  LKS  VISUALI SAT10NS  PRlXiRAMMABLES  ET  LES  BUS  NUMERIQUES 

Le  nombre  des  informations  raptees*  les  possibilites  de  traitement  offertes  par  les  equipements  et 
les  possibilites  d1 echanges  offertes  par  l ’s  bus  numeriques  pourraient  si  elles  etaient  mal  utilisees  saturer 
le  pilote  avec  une  quantite  d *  inf ormat ions  toutes  utiles  mais  pas  au  meme  instant. 

11  a  done  ete  necessaire  de  proceder  a  1 ' integration  des  visualisations  et  des  commandes  du  systeme. 
Ainsi  bien  que  les  capacites  du  Mirage  2000  soient  beaucoup  plus  importances'  que  celles  de  tres  nombreux 
chasseurs,  la  cabine  pilote]  Figure  6  ]  tout  en  restant  assez  chargee  est  comparable  a  celles  de  ces  memes 
chasseurs. 


[.’ensemble  des  informations  de  pilotage,  de  navigation  et  de  conduite  de  tir  est  presente  sur  trois 
visualisations  cathodiques  programmables  (c 'est-a-d ire  dont  1 ' image  est  determinee  par  programme).  Le  bus 
fournit  les  informations  traitees  a  une  cadence  suffisante  pour  obtenir  une  image  continue. 


Figure  7 


-  La  tete  haute  -  collimatee 

-  L'ecran  tete  basse 

-  L'ecran  contre-mesure 
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La  fiabilite  des  tubes  cathodiques  est  maintenant  suffisante  pour  que  l'on  puisse  les  considerer 
comme  les  instruments  principaux  de  pilotage.  C'est  done  sur  eux  que  repose  la  reussite  de  la  mission,  mais 
pas  la  securite  car  ils  sont  relayes  en  cas  de  panne  par  des  instruments  classiques  de  secours. 

La  realisation  du  systeme  d'armes  a  permis  de  ne  presenter  au  cours  de  la  mission  que  les  informa¬ 
tions  stricteraent  necessaires  a  chaque  phase  de  vol.  C'est  l'unite  de  gestion  en  service  qui  assure  la  ges- 
tion  de  la  liste  des  informations  a  presenter  a  partir  de  la  connaissance  qu'elle  a  : 

-  de  l'etat  des  postes  de  commande. 

-  De  l'etat  des  fonctions  du  systeme  de  navigation  et  d'attaque. 

Le  conception  de  1 'architecture  numerique  du  systeme  a  ete  faite  dans  le  but  de  simplifier  au 
maximum  la  tache  du  pilote.  Celui-ci  dispose  au  niveau  des  principales  commandes  du  compte  rendu  par 

voyants  de  la  selection  effective  des  fonctions  dans  les  equipements.  Les  informations  en  provenance  des _ 

principaux  postes  de  commandes  sont  acheminees  par  le  Digibus.  II  s'agit  des  postes  de  commandes  Figure  8  | 

-  Radar 

-  Armement 

-  Navigation 

Bien  que  d'acces  facile,  ces  postes  de  commandes  sont  utilises  pour  des  preselections  au  cours  de 
phases  de  vol  pendant  lesquelles  la  charge  de  travail  du  pilote  est  moins  importante.  De  plus  un  MIP  (module 
d’ insertion  de  parametres)  introduit  dans  le  PCN  (poste  de  commande  de  navigation)  permet  de  charger  rapide- 
ment  la  totalite  du  plan  de  vol  de  l'avion.  La  preparation  du  MIP  s'effectue  au  sol  pendant  la  preparation 
de  la  mission. 

Maintenance  integree. 

Toute  la  surveillance  et  l'analyse  de  panne  d'un  tel  systeme  n'etant  plus  possible  par  le  pilote, 
des  circuits  d'autotests  ont  ete  incorpores  dans  les  equipements  numeriques.  Seuls  les  resultats  sont 
communiques  au  pilote  pour  lui  indiquer  s'il  peut  ou  non  debuter  ou  poursuivre  sa  mission  dans  les  conditions 
prevues . 

Ces  moyens  peuvent  etre  utilises  pour  la  maintenance  au  sol  par  1 ' intermediaire  du  Digibus  : 

-  La  memorisation  en  vol  des  resultats  d’autotests  mauvais. 

-  Le  traitement  logique  differe  de  ces  memor isat ions  et  visualisations. 

-  Le  dec  1 enchement  de  sequences  par t icul ieres  d'autotests. 

A  titre  d ' i 1 lustrat ion  la  fonction  navigation  et  approche  fournit  un  exemple  de  visualisation 
programmable  ;  sur  le  Mirage  2000  elle  est  autonomy  et  presentee  en  viseur  tete  haute.  Elle  permet  : 

-  La  navigation  vers  un  but  affiche. 

-  La  navigation  suivant  une  route  desiree. 

-  L'arrivee  sur  ie  but  a  une  heure  desiree. 

-  Ie  recalage  de  la  navigation. 

Les  informations  sont  presentees  au  pilote  suivant  deux  modes  : 

-  f.e  mode  navigation  I  Figure  9  [ 

-  Le  mode  approche  j  Figure lOj 

V  -  CONCLUSION 

Le  programme  Mirage  2000  etait  ambitieux.  Le  choix  de  l'avion  monoplace  a  conduit  a  une  etude 
part icul ierement  poussee  du  systeme  dont  la  complexity  n'a  pu  etre  envisagee  : 

-  Sur  le  plan  utilisation  par  un  seul  membre  d'equipage,  que  par  1 ' optimisat Ion  du  pilotage 
grace  aux  moyens  de  visualisation  programmable. 

-  Sur  le  plan  technique,  que  par  la  numerisation  des  equipements  et  1 'utilisation  du  Digibus 
pour  permettrp  lour  dialogue. 
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PROGRAMMABLE  MULTIPURPOSE  FLIGHT  TEST 
INSTRUMENTATION  SYSTEM 

by 

RUdiger  Karmann 

Institut  fllr  Flugmechanik 

Deutsche  Porschungs-  und  Versuchsanstalt 
ftir  Luft-  und  Raunfahrt  e.V.  (DFVLR) 

D  3300  Braunschweig-Flughafen,  West  Germany 


SUMMARY 

As  a  result  of  the  increased  use  of  flight  control  and  stability  augmentation  systems,  higher  frequency 
contents  of  the  control  loops  together  with  an  increased  amount  of  information  provided  by  additional 
sensors  have  placed  severer  demands  on  the  flight  test  instrumentation.  To  achieve  a  reasonable 
relationship  between  costs  and  benefits  a  computer  -  controlled  flight  test  instrumentation  system  was 
developed  by  the  DFVLR.  Through  the  modular  construction  of  this  device  a  wide  field  of  applications  is 
achieved. 


1.  BACKGROUND  OF  DFVLR  FLIGHT  TEST  METHODOLOGY 

In  classical  flight  mechanics  the  improvement  of  flight  performance  „nd  flying 
qualities  have  been  the  basic  objectives.  Here  only  the  rigid  body  modes  of  flight  vehicle 
dynamics  are  of  importance.  The  rigid  body  modes  have  been  satisfactorily  described  by  a 
frequency  bandwidth  of  0  to  1  Hz. 

As  a  result  of  the  increased  use  of  flight  control  and  stability  augmentation  systems 
[Ref.  11,  higher  frequency  contents  of  the  control  loops  together  with  an  increased  amount 
of  information  provided  by  additional  sensors,  have  placed  severer  demands  on  the  flight 
test  instrumentation  [Ref.  23.  This  development  is  mainly  visible  in  the  data  rate 
necessary  for  flight  tests.  Fig.  1  shows  the  data  rates  for  windtunnel  and  flight  testing 
at  the  DFVLR  Institut  fiir  Flugmechanik  including  an  estimate  for  the  next  five  years. 

Until  the  year  1978  the  data  rates  were  not  higher  than  10O  kbit/sec.  With  the  be¬ 
ginning  of  the  dynamic  rotor  tests  ( DRT)  using  the  rotor  test  stand  (RTS)  and  the  Bo  105 
helicopter  tests,  there  has  beena  continuous  increase  of  data  rates  since  the  year  1978. 

For  future  tests  in  the  range  of  active  control  technology  (ACT)  an  increase  of  data  rates 
up  to  approx.  1  Mbit/sec  is  expected. 

Until  1978  the  general  range  of  flight  tests  could  be  carried  out  satisfactorily  _,j.ng 
flight  test  instrumentation  in  analog  frequency  multiplex  technology  with  channel  numbers 
to  max.  36.  For  future  applications  this  system  has  been  proved  to  be  inadequate  as  re¬ 
gards  bandwidth,  channel  numbers  and  accuracy. 

In  1978  it  therefore  was  decided  to  develop  a  new  flight  test  system,  the  so-called  Mobile 
Flight  Test  And  Real-Time  Data  Analysis  System. 

2.  APPLICATION  FLEXIBILITY  OF  MOBILE  FLIGHT  TEST  AND  REAL-TIME  DATA  ANALYSIS  SYSTEM 

The  aspect  of  cost-effectiveness  in  flight  test  techniques  is  becoming  more  and  more 
important,  as  a  result  of  the  constantly  increasing  complexity  of  modern  flight  vehicles 
[Ref.  33.  For  future  flight  tests  a  reasonable  relationship  between  benefit  and  costs  is 
only  achievable  by  the  consistent  consideration  of  the  following  points: 

•  Short  installation  times  of  flight  test  instrumentation 

•  Automatic  testing  and  monitoring  of  the  on-board  and  ground-system 

•  Variable  application  spectrum  by  modularity  in  hard-  and  software 

These  requirements  necessitate  the  consistent  use  of  modern  computer  systems  [Ref.  43. 

Fig.  2  gives  an  impression  of  the  Mobile  Flight  Test  and  Real-Time  Data  Analysis 
System. 

At  present  the  application-spectrum  of  this  system  covers  research  tasks  of  the  Rotor 
Test  Stand  [Ref.  53,  Helicopter  Bo  105  [Ref.  6,  73  and  the  Inflight  Simulator  HFB  320 
[Ref.  8,  93. 


The  ".obile  Fliqht  Test  And  Peal  Time  Data  Analysis  System  consists  of  the  following 
components : 


•  PROGRAMMABLE  MULTIPURPOSE  FLIGHT  TEST  INSTRUMENTATION  SYSTEM  (PMFTIS) 
fo»  on-board  data  acquisition  and  telemetry 

•  TELEMETRY  AND  TRACKING  SYSTEM  for  the  data-uplink  and  downlink  as  well  as  for  the 
position-measuring  of  flight  vehicles 

•  GROUND  BASED  DATA  SYSTEM,  including  ti.e  eauipmeni.  for  telemetry,  quick-look  and  data 
recording 

•  GROUNT  BASED  DATA  ANALYSIS  SYSTEM  with  multi-computer  systems  for  realtime  data 
analyses  such  as  harmonic  analysis,  spectral  analysis,  stress  analysis,  rotor  stabili¬ 
ty  analysis,  flight  performance  analysis. 

This  last  system  is  at  present  being  developed.  An  account  will  be  given  here  of  the 
PMFTIS. 


3.  DESCRIPTION  OF  PROGRAMMABLE  MULTIPURPOSE  FLIGTH  TEST  INSTRUMENTATION  SYSTEM  (PMFTIS) 

For  the  design  of  PFMTIS  the  following  requirements  were  given  special  consideration: 

•  Compatibility  of  available  measuring  devices 

•  Modularity 

•  Suitability  for  a  wide  application  ranqe 

•  Expandability  for  future  measuring  tasks 

•  Simple  operation 

•  Computer  controlled  built-in-test 

•  Automatic  acquisition  of  the  complete  test-relevant  parameters. 

The  block  diagram  shown  in  fig.  3  is  based  on  the  above-mentioned  requirements. 

In  the  maximum  configuration  the  acquisition  of  sensor  signals  and  the  remote  control 
of  flight  vehicles  from  the  ground  is  possible  using  a  PCM-downlink  and  uplink. 

A  maximum  of  flexibility  is  achieved  by  the  three  bus-systems. 

The  central,  interactive  control  of  the  whole  system  is  accomplished  with  help  of  the 
Airborne  Computer  System  and  the  Control  and  Display  Unit. 

In  the  Analog  Signal-In  Processor  Modules  (ASIPM)ipto  eight  analog  sensor  signals  are 
preamplified,  filtered,  digitized  and  buffered. 

For  the  processing  of  the  digital  data,  the  so-called  Digital  Da..a-In  Processor  Modu¬ 
les  (DDIPM) ,  each  with  8  A  16  digital  inputs,  are  available. 

The  PCM  Controller  Encoder  (PCMCE)  reads  the  buffered  data  after  addressing  the  single 
module.  The  control  of  the  actuators  by  the  PCM  Controller  Decoder  (PCMCD)  occurs  in  the 
complementary  manner. 

The  total  data  acquisition  (sampling  of  analog  signals,  storage  of  digital  data)  is 
controlled  either  by  the  Time  Code  Generator  (TCG)  or  by  an  External  Frame  Sync.  The 
Time  Code  Generator  contains  external  synchronization  inputs  for  automatic  synchronization 
of  the  internal  quartz  oscillator  by  an  external  mother  clock  and  automatic  reading  of 
time  and  date. 


3.1  INTEGRATED  SENSOR  MODULE  (ISM) 

In  the  field  of  flight  test  techniques,  in  many  cases 
it  is  difficult  to  transfer  small  sensor  signals  (microvolts  to  millivolts)  to  the  signal 
processing  electronics  through  long  leads. 

Therefore  one  should  use  Integrated  Sensor  Modules  (ISM),  as  shown  in  fig.  4.  Such 
modules  contain,  integrated  in  a  screening  box,  the  sensor,  the  preamplifier,  and  if 
necessary,  a  prefilter  and  isolation  amplifiers  for  potential  separation.  Through  the  use 
of  Torquer  Sensor  Systems  the  single  sensor  can  also  be  included  in  the  bui lt-i n-test . 

Fig.  5  shows  a  three  axis  accelerometer-ISM.  Here  the  sensors,  the  integrated 
electronics  and  the  DC/DC-converter  can  be  seen. 


3.2  ANALOG  SIGNAL- IN  PROCESSOR  MODULE  (AS  I  PM) 

Because  of  the  relatively  high  signal  level  at  the  outputs  of  the  ISM'^  there  is  no 
need  for  high  post  amplification  in  the  ASIPM.  Fig.  6  shows  the  block  diagram  of  an  ASIPM. 
The  signal  path  leads  from  the  input  switch  to  the  programmable  amplifier,  the  programmab¬ 
le  low  pass  filter,  the  test  multiplexer,  sample  and  hold,  multiplexer  and  12  bit  ADC  to 
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the  E-Bus-Interface. 

The  selection  of  offset  voltage,  gain  and  filter  cut-off  frequency  is  made  under 
computer  control  using  the  C-Bus-Interface  and  the  control  logic. 

Any  test  signal  can  be  generated  using  a  special  D/A  converter.  With  the  help  of  the 
input  switches  and  the  test  D/A,  a  built-in-test  including  the  sensors,  is  possible,  as 
well  as  a  test  of  only  the  ASIPM.  Every  single  input  channel  can  be  selected  by  the  test 
multiplexer  from  the  control  and  display  unit  CDU.  After  voltage  to  frequency  conversion, 
the  measuring  signal  of  the  selected  ASIPM-channel  is  transferred  to  the  computer  and 
can  be  displayed  on  the  CDU's  display. 

If  necessary,  the  eighth  signal  channel  can  be  subcommutated:  channels  with  1/8  of  sample 
rate  are  available. 

The  sample  and  hold,  multiplexer  and  A/D-card  can  be  changed  by  a  card  with  18  voltage 
controlled  oscillators  (VCO)  for  a  frequency  multiplex  operation.  This  guarantees  the 
compatibility  of  available  analog  telemetry  devices. 

Fig.  7  shows  an  ASIPM  together  with  a  programmable  signal  conditioning  card. 


3.3  DIGITAL  DATA-IN-PROCESSOR  MODULE  (DDIPM) 

The  DDIPM,  shown  in  fig.  8,  contains  8  x  12  digital  inputs.  The  transfer  oi  ‘'he 
digital  data  to  the  shift  register  occurs  simultaneously  for  all  modules  via  sample 
and  hold-clock.  To  read  the  digital  data,  the  DDIPM  is  addressed  using  a  4  bit  address. 
Subsequently  the  data  are  serially  clocked  out  by  the  PCM-clock. 

The  E-Bus  consists  of  7  twisted  pair  wires. 


3. A  PCM-CONTROLLER  ENCODER  (PCMCE) 


The  PCM  Controller  Encoder  has  four  essential  functions: 

•  Central,  simultaneous  control  of  signal  sampling  in  the  E-Bus-modules 

•  Addressing  of  the  single  modules  (random  access) 

•  Reading  of  serial  data  from  the  single  modules 

•  Inserting  of  sync  words. 

The  "schedule"  for  the  data  transfer  is  written  into  the  memory  of  the  PCMCE  once  by 
the  computer  before  beginning  data  acquisition,  as  is  the  information  concerning  the 
number  of  connected  modules,  the  sample  rate  and  the  frame  composition.  The  PCM-frame, 
shown  in  fig.  9,  is  very  simple  in  structure  as  a  result  of  the  modular  construction  of 
PMFTIS .  The  beginning  of  the  frame  is  characterized  by  two  sync  word.  At  the  beginning 
of  the  frame  all  analog  and  digital  signals  are  sampled  and  written  into  the  buffers. 
The  first  eight  data  words  from  M  frames  contain  the  time,  date  and  status  information, 
such  as: 


•  Type  of  measuring  signal 

•  Calibration  data  of  sensor 

•  Gain 

•  Offset 

•  Filtering 

•  Test  specific  data 
(Pilot,  test-vehicle  etc.) 


>•  for  each  channel 


The  first  eight  data  words  are  followed  by  eight  data  words  for  each  of  the  N-data 
acquisition  modules,  connected  to  the  E-Bus. 

In  rig.  9  channel  8  of  module  1  is  subcommutated  with  1/8  of  sampling  rate. 

With  the  wordlength  of  13  bit  (12  bit  information  +  1  parity  bit)  and  the  sample 

frequency  fg  ,  the  bitrate  is: 

R  =  f  .  C(N+1)  •  8  +  2  :  -13  bit. 

This  bitrate,  which  is  dependent  only  of  the  number  of  modules  (N+1)  and  the  sample 

frequency  fg,  must  be  generated  by  a  special  method  of  clock  processing. 
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3.5  CLOCK  PROCESSING 

In  the  field  of  flight  test  techniques  the  data  of  several  flight  test  vehicles  and 
ground  devices,  e.g.  for  position  measurement,  are  often  measured  in  different  flight 
test  instrumentation  systems.  If  the  data  sampling  in  these  instruments  is  not  synchro¬ 
nized,  the  offline  computation  of  synchronized  data  is  quite  difficult. 

The  time  synchronization  of  PMFTIS  was  therefore  an  essential  condition  for  the 
development  of  the  system.  In  addition,  the  data  evaluation  should  be  further  simplified 
through  simultaneous  sampling  of  all  signals.  A  further  requirement  was  the  external 
synchronization  of  sampling,  e.g.  phase-synchronously  to  helicopter-rotor-cycle. 

The  clock  processing  shown  in  fig.  10  is  based  on  these  requirements.  The  Clock 
Processing  Unit  (CPU)  is  controlled  by  the  computer.  The  value  of  the  sample  frequency 
f  and  the  number  of  modules  N  are  written  into  the  registers  of  CPU  once  before  begin¬ 
ning  data  acquisition. 

In  the  case  of  time  synchronous  sampling,  f  will  be  generated  by  a  10  KHz  clock 
derived  from  the  5  MHz  main  oscillator  with  the  help  of  the  programmable  frequency 
divider.  By  resetting  this  divider  each  second,  a  phase-locked  allocation  to  the  clock 
is  achieved. 

In  accordance  with  the  formula  for  PCM-clock  frequency  R  in  section  3.4,  fg  will 
first  be  multiplied  by  the  factor  26  in  a  Phase-Locked  Loop  (PLL) -circuit. 

By  means  of  a  further  frequency  multiplication  in  the  range  of  9  corresponding  to 
N  .  =  1  up  to  65  corresponding  to  N  =  15  the  clock  frequency  R  is  generated.  By 
connecting  the  sample  clock  input  to  In  external  clock  generator,  the  sampling  synchro- 
nity  to  an  external  clock  can  be  achieved. 


3.6  TIME  CODE  GENERATOR  (TCG) 

The  TCG  is  driven  from  the  main  processor  clock,  which  has  a  stability  of  better  than 
5  x  10'  per  day.  The  phase  synchronization  and  the  reading  of  date  and  time  information 
occurs  automatically  after  connection  to  the  external  mother  clock.  For  FMMPX-operation 
the  IRIG-B-Code  is  generated.  In  this  case  the  status  information  of  the  modules  is 
transmitted  with  the  help  of  the  45  information  bits  of  the  IRIG-B~Code. 


3.7  AIRBORNE  COMPUTER  SYSTEM  (ACS) 

The  Airborne  Computer  System  is  based  on  microcomputer  type  SBP  9900.  It  is  placed  in 
an  ARINC-box  1/2  ATR  (fig.  11)  and  contains  the  following  components: 

•  Contral  Processor  Unit 

•  Memory  (16  K-words) 

•  Parallel  I/O 

•  c-Bus-Interface 

•  Terminal  Interface 

The  programming  is  carried  out  in  program  language  PASCAL. 


3.7.1  CONTROL  AND  DISPLAY  UNIT  (CDU) 

The  Control-  and  Display  Unit  (fig.  11 )  contains  an  alpha-numerical  display  with  4  lines 
of  16  characters  each  and  a  4  x  4  keyboard.  Of  these  16  keys,  10  serve  to  enter  numbers, 

2  for  cursor  positioning  and  4  for  the  control  of  special  functions. 

The  programming  is  carried  out  block-wise.  Each  program  block  is  characterized  by  a 
special  page  in  the  display. 

4.  PMFTIS  APPLICATION 

The  following  example  will  illustrate  the  flexibility  of  PMFTIS.  Fig.  12  shows  the 
data  acquisition  with  a  rotor-synchronous  sampling  of  measuring  signals. 

The  whole  measuring  device  consists  of  a  special  rotor  flight  test  instrumentation 
system  (RFTIS)  for  measuring  strain  gauge  siqnals  and  a  PMFTIS  for  data  acquisition  of 
measuring  signals  on  board  the  helicopter. 

The  PMFTIS  receives  angle-synchronous  pulses  of  a  rotor  shaft  anqle  encoder  for 
generating  the  sample  rate  and  the  information  of  the  zero  position  of  the  rotor.  The 
angle-synchronous  sample  pulses  are  transferred  from  PMFTIS  to  RFTIS  by  a  slip  ring. 

The  output  data  of  RFTIS  are  transferred  serially  to  PMFTIS  by  a  further  slip  ring. 
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With  the  help  of  this  measuring  principle  a  dynamic  analysis  of  rotor-  and  helicopter 
dynamics  in  relation  to  the  rotor  angle  position  is  possible. 


5.  CONCLUSIONS 

The  Programmable  Multipurpose  Flight  Test  Instrumentation  System  presented  here  is 
the  answer  to  the  annually  increasing  conplexity  of  flight  test  techniques.  Through  the 
modular  construction  of  this  device  a  maximum  of  flexibility  for  a  wide  field  of 
applications  is  achieved. 

Important  aspects  in  the  development  of  this  device  were  the  compatibility  with 
available  analog  flight  test  devices,  the  simultaneous  sampling  of  all  measuring  signals, 
the  external  synchronization  of  sample  rate  and  the  interactive  programming. 

The  essential  data  of  PFMTIS  are  summarized  in  table  1 .  The  high  accuracy  of  the 
analog  section  and  the  high  main  processor  clock  stability  are  especially  worth  emphasi¬ 
zing.  The  PMFTIS  is  based  on  a  total  conception  for  real  time  data  processing.  Thus  it 
is  guaranteed  that  the  test  results  are  available  for  the  experimentator  directly  or 
immediately  after  flight  tests.  This  leads  to  a  significant  reduction  in  costs  of  flight 
tests . 


LIST  OF  SYMBOLS 

PMFTIS 

Programmable  Multipurpose  Flight  Test  Instrumentation  System 
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RECENT  TRENDS  IN  FLIGHT  TEST  SIGNAL  CONDITIONING 


ABSTRACT 


DONALD  W.  VEATCH 
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Star  Route  2,  Box  11N3,  Tehachapl  CA  93561,  USA 


Radical  changes  are  pervading  the  whole  data  acquisition  process.  These  changes  are  so  dramatic  in 
many  areas  that  the  Impact  on  signal  conditioning  is  often  not  being  properly  evaluated.  This  paper  will 
cover  some  of  the  changes  in  techniques  being  brought  about  by  this  new  technology  as  well  as  some  of  the 
more  interesting  hardware  developments  for  specific  signal  conditioning  tasks. 


INTRODUCTION 

Many  of  the  recent  advances  in  signal  conditioning  technology  have  been  the  result  of  the  development 
of  the  silicon  chip  integrated  circuit.  This  development  has  made  possible  extremely  sophisticated 
systems  that  require  almost  negligible  space  and  power.  Also  in  recent  times  when  the  trend  has  been 
towards  rapidly  increasing  costs,  electronic  components  are  the  only  example  that  comes  readily  to  mind 
where  costs  have  dropped  dramatically.  Further  justification  for  the  use  of  integrated  circuitry  in  sig¬ 
nal  conditioning  is  that  it  is  extremely  reliable.  The  characteristics  of  small  size,  low  power  consump¬ 
tion,  high  reliability  and  low  cost  come  close  to  the  flight  test  instrumentation  engineers'  design  con¬ 
straints  of  no  space,  no  power  drain,  no  problems,  and  little  money.  It  therefore  should  come  as  no  sur¬ 
prise  that  integrated  circuits  are  changing  signal  conditioning  technology. 


DEFINITIONS 

Before  becoming  too  involved  in  recent  signal  conditioning  trends  it  is  desirable  to  define  what 
flight  test  signal  conditioning  encompasses.  Flight  Test  Signal  Conditioning  is  defined  in  AGARDoqraph 
No.  160,  Volume  1  (Ref.  1)  as  "all  signal  modifications  between  the  transducer  and  the  input  stage  of  the 
recording  or  telemetry  system,  the  indicator  or  the  airborne  computer."  Signal  conditioning  is  also  a  way 
to  optimize  the  match  of  the  transducers  to  the  aircraft  terminal  devices,  e.g.,  tape  recorder,  trans¬ 
mitter,  etc.  Properly  done,  signal  conditioning  greatly  simplifies  airborne  data  acquisition  and  ground 
data  reduction  tasks.  For  example.  Pulse  Code  Modulation  (PCM)  signal  conditioning  makes  it  possible  to 
place  many  channels  of  data  on  a  single  tape  track  or  on  a  single  telemetry  ansmitter  channel  and  also 
match  the  data  conveniently  to  modern  computerized  ground  stations. 


THE  INSTRUMENTATION  AMPLIFIER/PRE-SAMPLING  FILTER 

To  illustrate  how  silicon  chip  integrated  circuits  have  changn,:  signal  ct  itioning  technology  a 
combined  instrumentation  amplifier  and  pre-sampling  filter  will  be  scussed.  What  has  been  done  with  the 
amplifier/filter  could  also  be  done  for  signal  conditioning  circuits  such  as  the  charge  amplifier,  current- 
to-voltage  amplifier,  etc.;  however,  many  of  the  special  circuits  required  by  the  instrumentation  engineer 
are  not  generally  available  at  a  reasonable  cost.  Figure  1  compares  a  transistorized  instrumentation 
amplifier/pre-sampling  filter  with  its  counterpart  constructed  using  hybrid  thick-film  techniques.  The 
transistorized  amplifier  was  a  very  significant  advance  over  the  previoi"  ’arge,  inefficient  and  unreli¬ 
able  electron  tube  amplifier  in  terms  of  cost,  power  consumption,  size,  etc.  The  hybr'd  thick-film  tech¬ 
nology  has  provided  another  major  size  reduction.  Both  amplifiers  of  Figu  e  1  include  provision  for  volt¬ 
age  gain  and  offset  adjustments  and  changing  filter  cutoff  frequency  Figure  2  is  the  sc ne  amplifier 
using  thin-film  techniques.  Normally  a  small  reduction  in  size  might  be  expected  using  this  technique; 
however,  in  this  instance  it  was  decided  to  considerably  enhance  the  pre-sampl i ng  filter  section.  The 
larger  of  the  two  metallic  packages  in  Figure  2  is  the  pre-sampling  filter  and  the  smaller  is  the  instru¬ 
mentation  amplifier.  These  packages  are  mounted  on  a  printed  circuit  board  which  provides  terminals  for 
adjusting  the  amplifier's  voltage  gain  and  offset  and  the  filter's  cutoff  frequency.  Figure  3  shows  the 
basic  hybrid  thin-film  amplifier  with  the  cover  removed. 


Eglin  Air  Force  Base,  Florida,  is  using  a  similar  commercially  available  amplifier/filter  which  has 
some  very  desirable  features.  Figure  4  is  a  simplified  schematic  diagram  of  this  unit.  The  input  ampli¬ 
fier  is  voltage  gain  programmable  from  0.1  to  1000  and  the  offset  is  adjustable  to  +  100  percent  of  full 
scale.  It  has  a  differential  input  impedance  greater  than  100  megohms  and  a  common  mode  rejection  ratio 
of  100  dB  minimum  at  a  gain  of  1000.  The  filter  section  is  a  6  pole  Butterworth low  pass  filter  factory 
set  at  a  cutoff  frequency  of  5Hz.  The  cutoff  frequency  can  be  adjusted  from  5Hz  up  to  5kliz  by  means  of 
six  external  resistors.  The  size  is  0.5  cm  high,  2  cm  wide  and  3.2  cm  long.  The  unit  will  mount  directly 
to  a  printed  circuit  board  by  means  of  pins  located  on  its  base.  This  unit  and  the  previous  unit  are 
similar  in  size  and  capabilities  and  represent  what  should  soon  be  readily  available  at  a  reasonable  cost. 

AN  ECONOMICAL  MICROCIRCUITS  LABORATORY 


Almost  any  signal  conditioning  circuit  can  be  designed  into  a  hybrid  microelectronics  package;  unfor¬ 
tunately,  unless  the  demand  is  large  enough,  the  particular  circuit  required  may  not  be  generally  avail¬ 
able,  and  small  quantities  of  special-order  hybrid  thin-film  microcircuits  can  be  prohibitively  expensive. 
Laboratories  which  can  produce  silicon  chip  circuits  and  to  a  lesser  extent  thick-film  and  thin-film 
hybrid  circuits  are  very  expensive.  If  you  do  not  have  these  types  of  facilities  there  is  a  fairly 
economical  alternative.  For  example,  the  NASA  Dryden  Flight  Research  Center  (DFRC)  in  California 
constructed  an  economical  hybrid  circuits  laboratory  for  their  own  use.  The  laboratory  was  maintained 
by  one  part-time  technician.  After  a  short  training  course  the  technician  and  the  Center's  electronic 
design  engineers  could  use  the  facility  to  construct  signal  conditioning  circuits  as  required  and  it 
was  easier  than  producing  similar  circuits  on  printed  circuit  boards.  The  total  cost  for  this  laboratory 
was  less  than  the  printed  circuit  facility  already  in  existence  at  NASA-DFRC .  For  this  economy  laboratory, 
only  silicon  circuit  chips,  chip  resistors  and  chip  capacitors  were  used.  The  desired  chips  were  bonded 
to  a  ceramic  substrate  and  the  chips  were  then  wired  together  by  a  wire  bonding  machine.  Careful  planning 
of  the  chip  placement  on  the  ceramic  substrate  is  critical  in  order  to  minimize  the  number  of  cross-overs 
of  the  minute  wire  jumpers.  Very  reliable  signal  conditioning  can  be  produced  this  way,  but  the  results 
look  very  unsophisticated  Internally  when  contrasted  to  the  production  unit  that  was  shown  in  Figure  3. 
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This  technique  is  only  economical  for  producing  a  small  number  of  units. 

PCM  ENCODERS 

Silicon  chip  integrated  circuit  technology  has  very  significantly  impacted  the  electrically  com¬ 
plex  encoder  signal  conditioners  such  as  PCM  systems.  At  the  present  time  the  typical  airborne  PCM 
encoder  used  in  the  United  States  uses  Dual  Inline  Package  (DIP)  technology.  PCM  encoders  using  medium 
scale  integrated  circuits  in  Dual  Inline  Packages  are  adequately  sized  for  most  applications.  An  example 
of  one  such  unit  is  shown  in  Figure  5.  A  printed  circuit  card  from  this  system  using  DIP  technology  is 
shown  in  Figure  6.  Presently  these  types  of  systems  are  readily  available  with  subcorrmutation  that  will 
encode  a  very  large  number  of  data  channels.  Many  of  these  airborne  PCM  encoders  can  accept  data  in  more 
ways  than  most  ground  stations  have  the  ability  to  acquire  the  data.  For  example  many  systems  can  change 
bit  rates,  word  lengths,  frame  lengths,  etc.,  as  required  by  aircraft  flight  test  conditions.  This 
exceeds  most  of  the  ground  stations'  capabilities  to  maintain  synchronization. 

Why  would  any  flight  test  group  ever  want  an  even  smaller  PCM  encoder  than  the  present  DIP  technolo¬ 
gy  type  PCM  systems?  The  subscale  Remotely  Piloted  Vehicle  (RPV)  programs  have  generated  such  a  require¬ 
ment  at  NASA-DFRC.  These  subscale  RPV's  which  are  used  to  perform  high  risk  flight  test  missions  such  as 
spin  research  and  buffet  studies  on  existing  types  of  aircraft  shapes  or  investigations  on  new  concepts 
such  as  skew-winged  aircraft  often  require  truly  small  signal  conditioning  systems.  A  miniature  PCM  used 
at  NASA-DFRC  for  this  purpose  is  shown  in  Figure  7  and  as  shown,  can  encode  128  input  data  channels.  The 
end  plate  has  been  removed  from  the  encoder  to  show  the  ultra-violet  Erasable  Programmable  Read  Only 
Memory  (EPROM)  which  allows  the  user  to  easily  change  formatting  and  timing  programs.  The  mating  connec¬ 
tors  are  supplied  by  the  manufacturer  and  include  short  wiring  pigtails  of  28  gauge  wire.  This  creates  a 
problem  in  that  in  general  practice,  most  aircraft  use  larger  gauge  wires.  These  wires  further  are  often 
shielded-twisted-pair  wires,  where  every  shield  usually  has  a  wire  connected  to  the  PCM  encoder  ground. 

Thus,  the  final  wiring  fan-out  can  be  overwhelming.  In  practice  the  total  signal  conditioning  module  is 
usually  wired  in  the  shops,  not  on  the  aircraft. 

These  small  PCM  units  which  use  thin-film  technology  have  proven  to  be  very  reliable  and  are  becoming 
economically  competitive  with  their  DIP  technology  counterparts.  T^e  larger  DIP  technology  systems  at 
present  offer  more  system  variety  and  flexibility;  however,  this  gap  is  rapidly  being  narrowed. 

While  only  the  PCM  encoders  have  been  discussed.  Frequency  Modulation  (FM)  encoders  are  readily 
available  in  thin-film  hybrid  modules.  These  FM  modules  are  available  that  conform  to  the  Inter  Range  Instru¬ 
mentation  Group  (IRIG)  specifications  for  proportional,  constant  bandwidth  and  wideband  FM  encoders. 

CHANGING  APPLICATION  PHILOSOPHIES 

The  use  of  large  scale  integrated  silicon  chip  circuits  will  continue  to  impact  the  signal  condition¬ 
ing  art;  however,  of  equal  importance  is  the  fact  that  these  advances  are  changing  the  philosophy  of  how 
the  signal  conditioning  is  used.  The  reason  that  enhanced  reliability  and  a  significant  reduction  in 
signal  conditioning  size  necessitates  a  change  in  the  way  signal  conditioning  is  applied  is  that  experience 
has  shown  that  appreciable  amounts  of  time  and  money  can  be  saved  by  such  changes. 

To  illustrate  these  changes,  first  consider  that  traditionally  the  signal  conditioning  has  been 
centrally  located  in  one  easily  accessible  area  and  in  this  same  area  typically  would  also  be  found 
most  of  the  other  instrumentation  equipment  such  as  power  supplies,  tape  recorders,  junction  panels,  etc. 

The  transducers  would  be  located  throughout  the  aircraft  where  required  and  then  their  wiring  routed 
through  the  aircraft  to  this  central  location.  In  the  larger  vehicles  this  central  area  was  between 
flights  a  center  of  activity  with  the  instrumentation  people  patching  in  new  channels,  tracing  problems, 
replacing  defective  equipment,  calibrating  data  channels,  etc.  In  addition  the  aircraft  mechanics  would 
be  working  on  the  aircraft  itself.  All  this  activity  led  to  considerable  congestion  and  confusion.  In 
smaller  aircraft  a  single  access  hatch  to  the  centrally  located  instrumentation  bay  was  often  responsible 
for  long  delays  between  flights.  The  concept  of  centrally  locating  the  instrumentation  was  mandated 
mainly  by  the  larqe  size  and  the  required  maintenance  of  these  types  of  equipment. 

In  the  DC-10  fliq  '  ce rt i f i cat  ion  program,  the  Douglas  Aircraft  Co.  (DAC)  implemented  an  improved 
de-central ized  approan.  The  following  example  involved  a  large  commercial  passenger  aircraft  which 
required  over  700  u  >ut  data  channels.  In  this  flight  test  program  the  signal  conditioning  including 
the  PCM  encoders  v  re  located  near  the  centroid  of  each  concentrated  instrumentation  area:  On  each 
engine,  in  each  wing,  in  the  tail,  and  in  the  cabin.  See  Figure  8.  To  further  simplify  the  system 
some  of  the  transducer  signal  conditioning  was  placed  on  plug-in  cards  integral  to  the  PCM  Remote 
Multiplexer  and  Oigitizing  Units  (RMD'J's).  This  considerably  reduced  the  number  of  instrumentation  boxes 
with  their  interfacing  connectors  and  wiring  harnesses.  Thus,  a  good  percentage  of  the  transducers  were 
terminated  directly  at  the  remotely  located  PCM  RMDU's.  These  RMDU's  were  connected  by  means  of  a  simple 
"data  bus"  to  a  centrally  located  data  management  unit.  The  purpose  of  the  data  management  unit  was  to 
request  data  from  the  various  remote  PCM  RMDU's  and  interweave  the  resultant  data  into  the  formats 
required  by  the  various  aircraft  data  terminal  devices  such  as  tape  recorders,  transmitters ,  crew 
displays,  etc. 

By  using  a  distributed  signal  conditioning  system,  as  contrasted  to  the  centralized  signal  con¬ 
ditioning  system,  the  Douglas  Aircraft  Company  estimated  (Refs.  2  and  3)  that  they  reduced  the  length 
of  wiring  from  62,800  meters  to  7,600  meters  and  saved  over  $55,00O.0G  in  wire  costs  alone.  Additionally 
this  distributed  type  of  system  saved  an  estimated  3,900  installation  manhours  and  reduced  the  instru¬ 
mentation  weight  by  more  than  14,000  Newtons.  The  money  saved  on  the  installation  was  estimated  to  have 
paid  for  all  of  the  remote  multiplexing  system  hardware.  Thus  by  a  change  in  installation  philosophy 
one  company  has  helped  finance  their  new  PCM  data  system.  Similar  savings  can  be  expected  in  a  700 
channel  data  acquisition  system  used  on  fighter  type  aircraft.  In  this  case  the  wiring  runs  would  be 
much  shorter;  but,  the  de-centra) ized  approach  avoids  the  task  of  running  large  bundles  of  wire  in 
confined  spaces  which  often  requires  an  extensive  and  costly  manpower  effort. 


In  genera)  the  distributed  type  of  data  acquisition  system  is  desirable  mainly  for  the  larger 
instrumentation  tasks,  e.g.  larger  than  100  to  300  data  channels.  Unfortunately  no  distributed  type 
data  system  is  presently  available  which  has  all  the  desired  features.  The  major  impediment  to  the 
development  of  the  distributed  systems  seems  to  be  that  there  is  no  consistent  demand  for  the  large 
instrumentation  systems.  A  solution  to  this  problem  may  well  be  for  the  data  users  to  make  the  manu¬ 
facturers  aware  that  a  reasonable  number  of  changes  in  the  initial  design  of  a  small  central  type  PCM 
system  can  make  the  unit  function  also  as  a  remote  encoder  controllable  by  means  of  a  "data  bus"  from 
a  central  data  management  unit. 

FIBER  OPTICS  WIRING 

An  interesting  innovation,  a  by-product  of  the  OAC's  distributed  encoding  system, was  the  appli¬ 
cation  of  fiber  optics  wiring.  The  PCM  RMDU's  and  tne  data  management  unit  communications  took  place 
at  a  2  megabit  rate.  When  the  wires  connecting  the  RMDU's  to  the  central  data  management  units  were 
over  100  to  200  feet  long,  special  and  expensive  high  frequency  wire  was  required.  This  wire  is  being 
replaced  by  a  readily  available  fiber  optics  strand  for  the  follow-on  instrumentation  tasks.  Optical 
connectors  are  readily  available  as  are  the  electrical-to-optical  transmitters  and  the  optical-to- 
electrical  receivers.  The  techniques  for  using  fiber  optic  "wiring"  are  well  developed  and  involve  no 
major  outlay  of  money.  Fiber  optics  "wiring"  can  be  very  useful  where  high  frequencies  have  to  be 
transmitted  for  any  distance  and  where  voltage  isolation  or  electromagnetic  interference  are  major 
problems.  As  always,  care  must  be  taken  in  introducing  new  procedures  to  insure  that  the  problems 
associated  with  the  new  techniques  are  fully  appreciated  at  all  levels  of  the  installation  process. 

DIGITAL  DATA  SIGNAL  CONDITIONERS 

A  trend  which  is  a  direct  result  of  the  progress  made  in  microelectronics  is  the  startling  growth 
of  the  amount  of  digital  data  being  processed  by  flight  data  acquisition  systems.  Some  instrumentation 
groups  estimate  that  over  90  percent  of  the  airborne  data  is  either  digitized  in  the  data  acquisition 
system  or  presented  to  the  system  as  digitized  data.  This  trend  has  produced  a  large  number  of  digital 
signal  conditioners  which  are  here  classified  as  formatting,  microprocessor,  microcomputer  and  mini¬ 
computer  signal  conditioners.  The  above  order  of  classification  reflects  the  general  order  of 
increasing  computer-like  capabilities  of  each  system.  The  boundaries  between  the  bottom  of  one  class 
and  the  top  of  the  next  class  involves  considerable  overlap.  For  example,  the  most  powerful  of  the 
microcomputers  often  equal  or  exceed  the  capabilities  (e.g.,  speed,  flexibility,  word  size,  software 
libraries,  etc.)  of  the  more  limited  minicomputers.  Formatting  signal  conditioning  has  no  computational 
capability  but  can  have  considerable  ability  to  sort,  rearrange  and  select  digital  data. 

FORMATTING  SIGNAL  CONDITIONERS 

One  recent  trend  which  is  impacting  signal  conditioning  is  the  rapid  advancement  of  avionics  sub¬ 
systems  instrumentation  and  the  linking  of  these  avionics  subsystems  by  means  of  a  data  bus.  By  defini¬ 
tion  these  avionics  systems  are  aircraft  control  systems  and  not  as  such,  a  part  of  the  data  acquisition 
system.  Two  considerations,  however,  have  caused  them  to  heavily  impact  the  data  acquisition  signal 
conditioning  engineer.  The  first  consideration  is  that  these  systems  have  become  extremely  complex; 
therefore,  the  avionics  engineers,  especially  in  the  first  stages  of  flight  test,  often  want  to  record 
all  the  information  on  the  data  bus  to  aid  them  in  problem  analysis.  The  second  consideration  is  that 
systems  such  as  the  Inertial  Navigation  Systems,  Air  Data  Computer  Systems,  etc.,  have  become  highly 
advanced  and  the  data  bus  contains  much  excellent  data  which  the  flight  test  engineer  can  use. 

Figure  9  shows  how  the  F-I6  Advanced  Fighter  Technology  Integrator  (AFTI)  aircraft  flight  test  system 

meets  both  types  of  demands  with  formatting  type  signal  conditioners.  (The  F-16  AFTI  is  a  joint  U.S.  Air 
Force  -  NASA  program  which  is  being  implemented  by  General  Dynamics  Corporation).  The  Avionics  Bus 
Interface  1  satisfies  the  requirements  of  the  avionics  design  group  to  record  all  the  information  which 
occurs  on  Buses  A  and  8.  The  data  bus  used  on  this  aircraft  is  the  Military  Standard  MIL- STD- 1 553B  data 
bus  (Ref.  4).  Three  types  of  twenty-bit  words  are  permissible  on  the  two  data  buses  A  and  B.  These 
are:  Coimand  Words,  Data  Words  and  Status  Words.  A  word  on  one  bus  can  overlap  a  word  on  the  other  bus 

and  there  are  many  times  when  no  words  exist  on  either  bus.  The  Avionics  Bus  Interface  1  is  a  simple 

formatting  type  signal  conditioning  system  that  generates  twenty-bit  psuedo  data  words  for  insertion  onto 
the  tape  channel  until  a  data  bus  word  is  available.  When  a  data  bus  word  arrives  it  is  inserted  into  the 
data  stream  as  soon  as  a  twenty-bit  pseudo  data  word  is  completed.  If  a  word  on  the  alternate  bus  should 
overlap  another  word  it  is  delayed  until  the  end  of  the  first  word  and  then  it  also  is  inserted  into  the 
data  stream:  Thus  all  words  on  both  buses  are  recorded  with  only  minor  time  shifts. 

The  Avionics  Bus  Interface  II  is  considerably  more  sophisticated.  In  this  system,  the  data  bus 

which  generates  words  asynchronously  has  to  be  matched  to  a  continuous  repetitive  PCM  data  stream 
functioning  at  a  different  bit  rate.  Figure  10  is  a  block  diagram  of  this  system.  The  bus  receiver  takes 
the  words  off  the  two  buses  and  forwards  one  bit  to  identify  from  which  bus  the  word  was  derived.  The 
Decoder  changes  the  code  format  from  Manchester  II  bi -phase  level  to  a  non-return  to  zero  (NRZ)  format, 
removes  the  synchronization  word  which  involves  three  bit  times,  and  also  removes  the  parity  bit.  The 
resulting  sixteen-bit  serial  word  is  passed  on  to  the  Buffer  Register.  The  Buffer  Register  takes  the 
sixteen-bit  serial  word  and  constructs  a  new  twenty-bit  parallel  word  which  contains  a  parity  bit,  one 
bit  to  denote  the  bus  from  which  the  word  originated,  and  two  bits  which  identify  the  type  of  word 
involved,  i.e..  Command  Data  or  Status.  Also,  this  register  sends  the  Cotrmand  Word  to  the  Word  Selector 
Logic.  The  Word  Selector  Logic  can  be  set  to  recognize  requests  for  up  to  256  words  and  selects  which 
words  will  be  entered  into  the  PCM  data  stream.  The  Buffer  Register  passes  all  data  words  on  to  the 
Data  Register  which  takes  the  words  in  at  one  rate  and  clocks  them  out  at  a  much  slower  rate  since  the 

word  is  now  a  twenty-bit  parallel  word.  All  words  are  sent  to  the  Random  Access  Memory  but  only  the  words 

of  interest  are  written  into  memory.  From  the  Random  Access  Memory  the  data  words  are  selected  in  the 
order  they  are  to  appear  in  the  PCM  data  stream  and  sent  to  the  Buffer  Memory,  which  synchronizes  the  word 
rate  to  that  of  the  PCM  system.  One  interesting  feature  of  the  Random  Access  Memory  is  that  the  parity 
bit  is  replaced  by  a  bit  which  notifies  the  data  user  if  the  word  in  the  Random  Access  Memory  has  been 


refreshed  since  it  was  last  inserted  in  the  data  stream.  This  last  Bus  Interface  takes  up  one  printed 
circuit  card  and  is  a  sophisticated  example  of  formatting  type  signal  conditioning. 

MICROPROCESSORS  AND  M ICROCOMP UTERS 


In  the  two  previous  examples  there  were  no  requirements  for  onboard  real-time  data  reduction  and 
thus  no  real  need  for  the  computational  capabilities  of  a  computer  or  microprocessor.  However,  the  DAC 
flight  test  instrumentation  group  has  used  a  microprocessor  to  accomplish  essentially  the  same  bus  inter¬ 
face,  except  the  outputs  were  presented  in  engineering  units  and  scaled  to  be  recorded  on  airborne  strip 
chart  recorders.  In  this  case  where  actual  data  reduction  was  required,  the  computational  power  and 
flexibility  of  the  microcomputer  was  desirable. 

When  should  computers  be  used  for  airborne  signal  conditioning?  They  should  simply  be  used  when 
they  can  do  the  task  better  and  cheaper  than  other  approaches.  The  author's  position  is  that  computer¬ 
ized  systems  should  mainly  be  used  when  real-time  on-board  data  reduction  is  required  and  two-way  tele¬ 
metry,  (i.e.  raw  data  on  the  telemetry  down-link  and  reduced  data  on  the  telemetry  up-link),  is  not 
tesirable  for  whatever  reason.  An  actual  example  is  discussed  below,  which  illustrates' how  this  type 
t  f  airborne  signal  conditioning  can  be  used  to  good  advantage. 

If  a  person  visits  the  various  flight  test  facilities  they  cannot  escape  the  conclusion  that  the 
major  trend  at  present  in  signal  conditioning  is  the  rapid  increase  in  the  application  of  microcomputers. 
Microcomputers  are  being  used  for  example:  To  make  a  small  32  cell  pressure  manometer  which  electronic¬ 
ally  scans  and  repetitively  calibrates  each  pressure  module  during  flight,  to  produce  a  scanning  spectrum 
analyzer,  and  to  change  raw  data  to  engineering  units  for  aircraft  real-time  use  (as  in  the  DAC  micro- 
computerized  bus  interface  mentioned  above). 

The  Boeing  Commercial  Airplane  Company  (BCAC)  has  used  microcomputers  to  provide  real-time  on-board 
computation  of  flight  test  Gross  Weight  and  longitudinal  Center-of-Gravity  (GW-CG).  A  block  diagram  of 
this  system  is  shown  in  Figure  11.  The  Real-Time  GW-CG  Computing  System  (Ref.  5),  was  developed  to 
solve  two  similar,  but  different  problems.  The  first  problem  was  that  the  on-board  flight  test  engineers 
were  often  required  to  know  the  aircraft's  gross  weight  and/or  center-of-gravity  to  set  up  a  particular 
flight  test  routine.  Computing  GW  and  CG  from  the  volumetric  flow  data  and  other  raw  data  was  a  diffi¬ 
cult  and  time  consuming  process  involving  complex  graphic  solutions.  The  present  system  eliminates  this 
problem  entirely  and  has  significantly  reduced  actual  flight  hours.  The  second  problem  was  that  before 
certain  data  could  be  reduced  in  the  ground  based  computers,  a  complete  data  tape  pass  was  required  to 
generate  the  GW-CG  profiles  into  the  data  base.  Now,  if  data  is  requested  for  a  certain  portion  of  the 
flight  program  the  GW-CG  information  is  available  with  the  first  data  tape  pass.  This  system  has  made  an 
appreciable  reduction  in  the  required  ground  based  computer's  data  reduction  time. 

This  is  a  very  interesting  and  well  designed  system.  A  complete  system  uses  eleven  microcomputers. 
Each  of  the  five  Fuel  Weight  Flow  Encoders  and  the  two  Discrete  Data  Acquisition  Units  have  their  own 
microcomputer.  The  GW-CG  Processor  uses  three  microprocessors.  In  the  GW-CG  Processor  one  micro¬ 
computer  controls  the  keyboard  interface,  video  display,  message  processing,  and  the  GW-CG  computing; 
the  two  subordinate  microcomputers  transmit  and  receive  messages  via  the  communications  network.  The 
microcomputer  in  each  Fuel  Weight  Flow  Encoder  Unit  is  programmed  with  a  set  of  very  complete  calibra¬ 
tion  equations  to  provide  an  accurate  computation  of  Fuel  Temperature,  Fuel  Pressure,  Fuel  Flow  Rate 
(pounds  per  hour),  Fuel  Used  (pounds),  and  several  diagnostic  parameters.  Calibration  equations  are 
programmed  into  the  microcomputer  for  the  transducers  the  Fuel  Encoder  Unit  services,  i.e.  a  turbine 
flowmeter,  a  platinum  temperature  sensor  and  a  pressure  sensor.  The  GW-CG  Processor  provides  the  Fuel 
Encoder  Unit  with  an  initialization  factor  which  is  derived  from  a  preflight  fuel  density  and  temperature 
measurement.  The  Discrete  Data  Acquisition  Unit  accepts  inputs  as  shown  in  Figure  11  and  outputs  in¬ 
formation  such  as  the  moment  changes  caused  by  a  change  in  position  of  the  landing  gear  and  flaps,  the 
composite  weight  and  moment  of  the  aircraft  water  ballast,  and  which  fuel  tank  is  connected  to  which 
engine. 

MINICOMPUTERS 


BCAC  used  a  powerful  minicomputer  to  save  considerable  flight  time  and  therefore  money  during  the 
flight  certification  program  of  the  747  SP  aircraft  (Ref.  6).  Figure  12  is  a  simplified  representation 
of  the  BCAC  computerized  flight  test  data  acquisition  system.  The  BCAC  standard  flight  test  data 
acquisition  system  is  shown  in  Figure  12  above  the  dashed  line.  The  portion  of  the  system  shown  below 
the  dashed  line  represents  a  very  limited  version  of  the  BCAC  ground  monitoring  station  and  also  provides 
pre-flight  and  post-flight  instrumentation  analysis  capabilities.  Since  BCAC  was  testing  a  large 
commercial  passenger  aircraft  which  had  no  stringent  space  or  weight  restrictions,  it  was  logical  for  them 
to  move  the  minicomputer  monitor  capability  onboard  the  aircraft  so  that  they  could  use  the  minicomputer's 
generous  capabilities  to  monitor  and  accomplish  near  real-time  analysis  of  the  data  in  flight.  For 
example  BCAC  estimates  that  the  on-board  minicomputerized  monitoring  system  used  on  the  747  SP  program 
cut  their  Flight  load  Survey  flight  time  by  approximately  20  percent  and  reduced  the  Airplane  Performance 
testing  by  approximately  15  percent  to  20  percent.  This  change  was  facilitated  since  BCAC  does  not  fully 
subscribe  to  the  telemetry  principle  except  for  critical  flight  safety  testing,  such  as  flutter  flight 
tests.  Their  reasoning  is  summarized  as  follows:  First,  BCAC  test  aircraft  are  large  enough  to  carry 
analysis  and  instrumentation  engineers.  Second,  the  Seattle,  Washington  area,  because  of  surrounding 
mountains  and  the  prevailing  weather  patterns,  is  in  a  particularly  poor  telemetry  area.  Third,  BCAC 
wishes  to  be  flexible  in  scheduling  flight  tests  at  many  different  geographic  locations,  which  may  not 
have  telemetry  facilities.  BCAC  has  found  this  flight  testing  technique  very  useful  and  is  using  it  on 
all  their  present  test  programs.  This  same  approach  will  be  used  on  the  future  flight  tests  of  the 
767  and  757  aircraft.  If  other  flight  test  facilities  subscribe  to  BCAC's  telemetry  philosophies  then 
placing  this  amount  of  ground  station  type  computing  capabilities  in  large  test  aircraft  might  constitute 
an  emerging  trend. 
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CONCLUSION 


In  conclusion,  it  is  obvious  that  miniature  reliable  electronics  are  dominating  the  signal  condi¬ 
tioning  trends  at  this  time.  Complex  encoders  such  as  constant  bandwidth  frequency  modulation  cr  PCM 
systems  can  be  constructed  which  will  fit  in  the  palm  of  a  hand.  The  data  bus  which  is  already  linking 
computerized  avionics  subsystems  together  is  also  providing  the  flight  test  engineer  with  new  sources  of 
data.  The  computer  is  just  beginning  to  influence  new  types  of  airborne  signal  conditioning  systems, 
and  should  be  the  major  factor  in  the  changing  nature  of  airborne  signal  conditioning  during  the  next 
decade. 
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AH  investigation  of  the  linear  and  angular  vibration 

ENVIRONMENTS  OF  TRIALS  AIRCRAFT 

G.  L.  Wray  and  D.  J.  Flynn 
Royal  Aircraft  Establishment 
Farnborough,  Hampshire,  UK 


SUMMARY 

This  paper  describes  an  investigation  of  the  dynamic  environment  of  trials  aircraft 
based  on  the  measurement  of  linear  acceleration  and  angular  velocity  along  and  about  the 
three  principal  airframe  axes.  The  results,  expressed  in  the  form  of  power  and  cross 
spectral  densities,  are  used  to  set  up  an  empirical  mathematical  model  of  the  dynamic 
environment  of  an  aircraft  for  use  in  computer  simulations  of  a  strapdown  inertial 
navigator.  The  application  of  the  model  to  the  simulation  of  strapdown  system  alignment 
in  a  nominally  stationary  vehicle  is  discussed. 
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LIST  OF  SYMBOLS 

maximum  amplitude  of  a  peak  of  a  power  spectrum 

maximum  amplitude  of  the  cross  spectrum  between  channels  i  and  j 
scaling  factors  or  constants 


components  of  motion 

aircraft  body  axes  or  the  half  power  bandwidth  of  a  spectral  peak 
transformation  matrix  between  navigation  axes  and  body  axes 
earth  frame  or  a  constant 
the  expected  value  of  a  variable  x 

Fourier  transform  of  a  signal  x(t!  evaluated  at  a  frequency  u 

apparent  acceleration  due  to  earth's  gravity 

the  mass  attraction  gravity  vector 

transfer  function  of  a  system 

moment  arm 

matrix  of  input  disturbances 

square  root  of  -1 

constant 

the  Laplace  transform  of  a  function  xlt) 

navigation  or  geographic  axis  system  (north,  east  and  down) 
a  Gaussian  white  disturbance  at  a  time  t 

n 

radius  of  the  earth 

power  spectrum  of  an  output  0(t)  evaluated  at  a  frequency  - 
power  spectrum  of  an  input  lit)  evaluated  at  a  frequency  w 
cross  spectrum  between  channels  A  and  B 
elements  of  a  noise  scaling  matrix 
time  interval 

time  interval  or  a  matrix  of  transfer  functions 

time  t  of  a  time  series  t,,  tn,  ... 
n  1  2 

a  vector  v  expressed  in  navigation  frame  coordinates 
velocity  with  respect  to  the  earth 

the  modulus  of  a  quantity  x  where  x  may  be  real  or  complex 
a  vector  representing  output  motion  of  a  system 
body  axes 

the  real  part  of  a  complex  number  or  scaling  factor 
scaling  factor 
a  time  increment 
error 


output  displacement  or  an  angle 
output  velocity 


LIST  or  SYMBOLS  (concluded) 


rate  of  change  of  output  velocity 

coherence  between  channels  X  and  Y  at  a  frequency  . 
relative  phase  angle 
elements  of  a  transition  matrix 

the  angular  velocity  of  earth  axes  with  respect  to  inertial  space 
the  magnitude  of  the  angular  velocity  of  the  earth 
the  centre  frequency  of  a  peak  in  a  power  spectrum 
angular  frequency 
constant 

scaling  factor  or  latitude 
scaling  factor 
complex  conjugate 

(dv/dtOj  rate  of  change  of  a  vector  with  respect  to  inertial  space 

1  INTRODUCTION 

Early  in  the  development  of  strapdown  inertial  navigation  systems  in  the  United 
Kingdom  the  importance  of  the  dynamic  environment  of  the  host  vehicle  was  recognised.  The 
ability  to  describe  the  environment  in  a  quantitative  way  yields  valuable  data  for  the 
design  of  inertial  sensors  and  the  computat ional  algorithms  for  both  the  alignment  and 
navigation  modes  of  system  ope  rati  ... 

Since  vibration  data  was  in  short  supply  it  was  decided  to  construct  a  strapdown 
measurement  package,  described  in  section  2  of  this  paper  and  to  examine  the  linear 
accelerations  and  angular  velocities  along  and  about  the  principal  airframe  axes.  The 
aircraft  examined  so  far  are  a  Comet  Mk  4  and  a  Westland  Sea  King  helicopter  which  are  to 
act  as  early  test  beds  for  strapdown  navigation  systems.  In  the  near  future  it  is 
intended  also  to  investigate  the  environment  of  a  trials  British  Aerospace  (BA e) 

Buccaneer  aircraft. 

Several  aspects  of  the  flight  envelopes  have  been  monitored  from  the  most  benign, 
where  the  aircraft  is  parked  and  nominally  stationary,  to  the  most  severe,  where  the  air¬ 
craft  performs  manoeuvring  flight.  The  results,  analysed  in  the  form  of  power  spectral 
densities  (PSDs)  and  cross  spectral  densities  (CSDs) ,  are  presented  in  section  3  and 
discussed  in  section  4.  Mathematical  definitions  of  power  spectral  densities,  cross 
spectral  densities  and  associated  parameters  are  given  in  Appendix  A. 

In  order  to  simulate  the  dynamic  environment  of  a  strapdown  inertial  navigator  in  a 
realistic  fashion  use  can  be  made  of  these  linear  acceleration  and  angular  velocity 
measurements.  However  care  must  be  exercised  in  interpreting  the  measurements  particu¬ 
larly  when  it  is  required  to  separately  compute  the  gravitation  and  earth's  rate  signals 
issoeiateJ  with  strapdown  alignment.  The  application  of  the  vibration  measurements  to 
re  rnpdewn  iliqnment  simulation  is  considered  in  section  5. 

An  empirical  mathematical  model  is  presented  in  section  6  which  is  capable  of 
simulatin'?  the  linear  and  angular  vibratory  motions  of  the  airframe  for  use  in  the 
development  of  the  computational  algorithms  of  a  strapdown  navigator.  The  model  is  set 
up  usin.r  t  lie  spectral  density  data  obtained  from  aircraft  measurements.  A  particular 
advantage  of  this  model  is  that  it  can  bo  used  to  simulate  real  motion  of  any  required 
duration  without  the  need  to  handle  large  volumes  of  data.  Also  it  can  bo  employed  to 
generate*  hypothetical  data  for  any  type  of  vehicle  subjected  to  any  type  of  environmental 
cond i t ion . 

one  nppl  ient  ion  of  the  model  reported  here  is  the  simulation  of  the  environment;  of 
a  parked  and  nominally  stationary  aircraft. .  The  software  developed  for  this  application 
i s  •  ie sc r i bod  i n  Append i x  C . 

Finally,  in  section  7  a  programme  of  future  work  is  outlined.  This  includes  the 
•ise  f  base  motion  disturbance,  simulated  by  the  empirical  model,  in  the  development  of 
strapdown  alignment  algorithms  aimed  at  minimising  reaction  time  in  the  presence  of 
sensor  noise. 
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2.1  data  requirements 

The  vil  ration  ..lata  requirements  for  both  strapdown  sensor  design  and  computat  iona  1 
algorithm  dove  1 opr.ont  correspond  to  signals  which  represent  strapdown  sensor  inputs 
namely  specific  force  and  annular  velocity  with  respect  to  inertial  space  expressed  in 

lirfrime  -g-  body  axis  coordinates. 

Wh^n  data  is  used  fir  algorithm  development  in  system  simulations,  it  is  advan- 
*■  vso<  *  ext  red  t  ho  component  of  the  vibration  sensor  measurements  which  correspond 
only  t-  disturianoo  rs-ise .  To  this  noise  component  can  then  be  added  the  separately 
computed  rravitation  and  earth's  rate  signals  ((  g  and  f  .  jq.;  )R  )  required  for  the 
levelling  and  qyr-  'compass i ng  of  a  strapdown  navigator.  If  this  approach  were  not 
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adopted,  these  signals  would  have  to  be  obtained  directly  from  the  outputs  of  the 
vibration  measuring  sensors  and  used  for  simulation.  In  this  case  a  precise  knowledge 
would  be  required  of  the  time  history  of  the  attitude  of  the  host  vehicle  over  the  period 
for  which  the  vibration  measurements  were  made  and  as  a  consequence  the  performance  of 
the  simulation  would  be  limited  by  the  quality  of  the  sensors  chosen  for  vibration 
measurement . 

Adopting  the  suggested  approach  of  separately  computing  the  levelling  and  gyro- 
compassing  signal  components  of  the  simulated  sensor  inputs,  the  noise  measurements  in 
the  time  domain  can  be  transformed  into  the  frequency  domain  (power  spectra)  for  conven¬ 
ience  of  data  handling  and  reconstituted  in  the  time  domain  during  simulation.  The  time 
domain  data  so  formed  can  be  constrained  to  have  the  same  spectral  characteristics  but  in 
general  not  the  same  time  history  as  the  original  data.  Clearly  this  technique  could  not 
be  employed  if  the  levelling  and  gyrocompassing  signals  were  not  computed  separately. 

The  simplest  procedure  is  to  assume  that  the  vibration  measurements  consist  of 
noise  only  and  can  therefore  be  added  to  separately  computed  signals.  The  errors  in 
signal  estimation  associated  with  this  approach  have  been  calculated  and  are  summarised 
in  section  5  where  the  significance  of  removing  biasses  from  the  vibration  data  is  also 
discussed . 

2.2  Accuracy  considerations  and  choice  of  sensors 

The  choice  of  vibration  monitoring  sensors  was  dictated  by  the  requirement  to 
quantify  the  dynamic  environment  with  an  accuracy  of  a  few  per  cent  over  the  frequency 
bandwidth  of  interest  to  the  inertial  system  designer,  (0-100  Hz  say).  A  bandwidth  of 
300  Hz  was  chosen  as  an  ideal  design  aim  for  the  sensor  package  since  no  significant 
phase  shift  is  then  introduced  up  to  100  Hz.  It  will  be  shown,  however,  that  angular 
motion  sensors  could  not  be  found  which  would  satisfy  this  particular  requirement. 

It  is  also  required  that  the  vibration  sensors  have  a  linear  response  over  the 
dynamic  environment  to  which  they  are  to  be  subjected  (approximately  l00u/s  and  6  g  in 
our  case) . 

The  choice  of  linear  accelerometer  to  meet  these  requirements  was  straightforward. 
Sundstrand  QA1200  force-feedback  accelerometers  were  chosen  since  they  satisfied  the 
requirements  at  moderate  cost.  The  relevant  parameters  of  this  sensor  are  compared  with 
the  requirements  in  Table  1. 

The  choice  of  the  angular  rotation  sensor  however  was  not  so  straightforward.  The 
following  options  were  considered: 

(i)  a  pair  of  linear  accelerometers  for  each  axis  separated  by  a  moment  arm; 

(ii)  angular  accelerometers; 

(iii)  captured  rate  integrating  gyroscopes  with  high  torque  capability;  and 

(iv)  rate  gyroscopes. 

The  first  option  involves  detecting  angular  motion  by  sampling  the  outputs- 
differentially,  linear  motion  being  discriminated  by  common  mode  rejection.  The  approach 
was  however  rejected  because  of  the  need  to  closely  match  each  pair  of  transfer  functions 
over  the  bandwidth  of  interest  in  order  to  achieve  adequate  common  mode  rejection. 

The  relevant  parameters  for  the  rotation  sensors  are  summarised  in  Table  2  where 
two  examples  of  angular  accelerometers  (Systron  Donner  4591  and  Schaevitz  ASM),  two 
examples  of  rate  integrating  gyroscopes  (Honeywell  GG111I  and  Northrop  G1G6)  and  one 
rate  gyroscope  (BAe  Dart  RG408)  are  compared  with  the  requirements. 

In  order  to  achieve  an  appreciable  bandwidth  using  angular  accelerometers  it  is 
necessary  to  choose  devices  with  a  wide  dynamic  range.  This  choice,  however,  leads  to  a 
relatively  coarse  threshold  sensitivity.  Additionally  the  uncertainty  of  the  location  of 
the  sensitive  axis  is  considerably  greater  than  the  required  figure  of  10  minutes  of  arc. 
For  these  reasons  angular  accelerometers  were  rejected. 

The  BAe  Dart  RG408  rate  gyroscopes  were  chosen  in  favour  of  the  rate  integrating 
gyroscopes  largely  on  cost  grounds.  In  addition  they  were  readily  available,  had  been 
extensively  tested  at  RAE  and  were  felt  to  be  adequate  for  the  present  application  except 
for  their  limited  bandwidth.  Since  none  of  the  angular  motion  sensors  considered  were 
satisfactory  in  this  respect,  the  design  aim  for  bandwidth  had  to  be  relaxed. 

The  major  implication  of  this  limitation  is  the  lack  of  accurate  phase  angle 
information  obtained  from  cross  spectral  density  data  at  frequencies  greater  than  a  few 
tens  of  hertz. 

The  chosen  sensors,  tnree  Sundstrand  QA1200  linear  accelerometers  and  two  RG408 
rate  gyroscopes  were  mounted  orthogonally  in  a  stainless  steel  block  designed  to  have  no 
structural  resonances  in  the  bam'-idth  of  interest.  Tolerances  of  the  block  are  such 
that  orthoqona  1  i ty  errors  in  the  ounting  surfaces  are  less  than  1  minute  of  arc  which  is 
negligible  compared  with  the  axis  errors  of  the  devices  themselves. 

An  electronics  module  was  constructed  containing  the  necessary  *15  V  dc  pewer 
supply  for  the  accelerometers  and  gyroscopes  and  a  1200  Hz  square  wave  supply  for  the 


rate  ayroscope  rotors.  Six  amplifiers  were  included  to  buffer  the  sensor  outputs  and  to 
provide  adjustable  qain. 

it  was  found  necessary  to  ac  couple  the  linear  accelerometer  output  signals  so  that 
sensed  components  of  the  earth's  gravitational  field  did  not  cause  saturation  of  the 
processing  electronics  durinq  hi  oh  sensitivity  measurements.  A  time  constant  of 
Id  seconds  was  chosen  for  this  purpose. 

Tiie  buffered  analoquo  output  signals  are  fed  into  an  KM  interface  and  the  resultin': 
signals  recorded  at  9.525  cm/s  on  magnetic  tape.  The  interface  gives  MO  per  cent 
modulation  for  an  input  of  -2.5  volts. 

Tiie  sensor  block  also  carries  a  temperature  sensor  the  output  of  which  is  recorded. 
When  required,  the  tempei ature  signal  can  be  overwritten  with  a  voice  commentary  using 
the  aircraft  intercom  system.  In  this  way  the  magnetic  tapes  can  be  annotated  to  assist 
the  processing.  A  block  diagram  of  the  equipment  is  given  in  Fig  1 . 

The  positions  within  the  aircraft  for  the  installation  of  the  vibration  monitoring 
block  were  chosen  to  correspond  to  those  for  the  installation  of  strapdown  navigation 
equipment.  This  was  done  to  remove  any  ambiguity  in  lever  arm  effects  and  the  effects  of 
differing  structural  modes. 

Installation  in  the  Comet  was  on  the  starboard  side  of  the  cabin  floor  3.4  metres 
aft  of  the  nominal  centre  of  gravity.  In  the  Sea  King  the  equipment  was  installed  on  the 
centre  line  of  the  rear  cabin  floor. 

Harmonisation  of  the  block  (nominal  block  axes)  with  respect  to  aircraft  body  axes 
was  achieved  with  uncertainties  of  0.1  degree  about  the  x  and  y  axes  and  0.5  degree 
about  the  z  axis. 


The  contributions  to  the  misalignment  betv/een  true  sensor  axes  and  body  axes  arc 
summarised  in  Table  3.  Taking  RSS  values  we  have: 


x  or  y  ax i s  acco 1 e rone t er 
z  axis  accelerometer 
x  or  v  axis  gyroscopes 
2  axis  gyroscope 


0.53  degree 
0.2  degree 
0.58  deqree 
0.32  degree 


It  is  recognised  that  the  size,  weight  and  mechanical  interface  of  the  vibration 
sons  t  block  are  not  representative  of  the  inertial  reference  frame  of  a  strapdown 
navigator  and  as  such  the  way  in  which  structural  modes  .  f  airframe  oscillation  are 
nidified  by  installation  of  the  equipment  will  differ.  The  only  attempt  made  to 
alleviate  this  potential  problem  has  been  to  select  a  rigid  portion  of  aircraft  structure 
for  installation.  In  practice  mounting  has  been  directly  onto  seat  rails. 


processing  of  vibration  data 


As  previously  mentioned,  for  ease  of  data  handling  the  vibration  data  is  Fourier 
analysed  t«»  produce*  power  spectral  densities  of  the  individual  channels  and  cross 
spectral  densities  between  the  channels.  This  processing  has  been  carried  out  by  the 
Pena r t men t  of  FJ  ioht  at.  Cranfield  Institute  of  Technology. 

A  sample  of  the  processed  data  from  the  Comet  and  Sea  King  helicopter  measurements 
is  prosonted  in  section  1  and  discussed  in  section  4. 

.{  PRKK}  STATION  OF  RFKULTF 


The  vibrat ii'n  data  obtained  in  this  war k  corresponds  to  measurements  made  on  the 
RAF.  Kernel  4  flvinn  laboratory  and  the  RAF  Sea  King  helicopter.  Various  aspects  of  the 
1  light  envelopes  have  been  examined  as  summarised  in  Tables  4  and  5  for  the  Comet  and 
Pea  King  respect i vo 1 y . 

The  analy  is  of  the  linear  .K-ccIcnHion  and  angular  velocity  data  includes  the 
pr  ■  >duo  t  i  -  n  '■  f  : 


*.  i  )  power  spoet  ra  ; 

(iii  cumulative  power  function; 

< i i f  7  envelope  rat ios; 

(ivl  coherence  functions; 

tv)  phase  relationships  between  channels;  and 
fvi)  moduli  of  frequency  response  functions. 

Those  fiirvfb'ns  are  described  briefly  i  n  Appendix  A.  A  more  detailed  discussion  can  be 
!  u:id  it,  Fof  1  . 

In  ill  cases  the  full  set  of  six  power  spectra  have  been  generated.  However, 
•oriel  itt'd  [wit  irri  between  channels  has  not  yet  been  examined  exhaustively. 

hx.r-ples  of  earh  type*  of  analytical  treatment  of  the  vibration  data  arc  presented 
in  Flos  2  and  I.  This  represents  only  a  small  traction  of  the  total  analysis  performed. 
Tin*  results  if  a  comprehensive  analysis  of  t  lie  measurements  detailed  in  Tables  4  and  5 
vM  l  1  short  ly  bo  published  in  an  RAK  Technical  Report  . 
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Fig  2  gives  an  example  of  the  analysis  performed  on  the  Comet  data  obtained  with 
the  aircraft  parked.  Figs  2.1  and  2.2  correspond  to  the  PSDs  of  the  y  gyroscope  and 
x  accelerometer  signals  and  Fig  2.3  the  coherence  analysis  between  these  channels. 

Figs  2.4  and  2.5  are  the  envelope  ratio  and  cumulative  power  respectively  of  the  y  gyro¬ 
scope  signal. 

Fig  3  illustrates  the  analysis  carried  out  on  measurements  made  on  the  Sea  King 
helicopter.  These  particular  measurement were  made  with  the  vehicle  parked  with  engines 
running  and  rotors  engaged.  Figs  3.1  and  3.2  are  the  PSDs  of  the  y  gyroscope  and 
x  accelerometer  measurements  respectively  and  Fig  3.3  the  coherence  analysis  between 
these  channels. 

In  order  to  ensure  that  the  spectral  data  is  interpreted  in  a  realistic  way  it  is 
necessary  to  establish  what  contribution  is  made  by  noise  introduced  by  the  monitoring 
electronics  and  the  recording  process.  This  can  be  achieved  by  mounting  the  vibration 
monitoring  block  on  a  stable  plinth,  of  the  type  used  for  testing  inertial  grade  gyro¬ 
scopes,  and  carrying  out  spectral  analysis  of  the  recorded  gyroscope  and  accelerometer 
outputs.  Since  there  is  no  real  motion  of  the  block  the  resulting  noise  spectra  can  then 
simply  be  subtracted  from  the  spectra  obtained  from  measurements  of  airframe  motion. 

This  procedure  has  not  yet  been  carried  out  and  therefore  it  has  not  yet  been  estab¬ 
lished  if  electronic  and  recording  noise  contributes  significantly  to  the  results 
presented  here,  particularly  in  Fig  2  which  corresponds  to  a  benign  environment.  The 
brief  discussion  which  follows  is  therefore  subject  to  this  possible  limitation. 

In  Figs  2.1  and  2.2  consider  the  peak  which  occurs  at  1  Hz.  This  may  be  due  to 
undercarriage  resonance2.  From  Fig  2.3  it  can  be  seen  that  the  motion  in  the  two  channels 
is  both  highly  correlated  and  in  phase.  The  low  value  of  the  envelope  ratio  at  this  fre¬ 
quency  sugqesLs  that  the  motion  is  non-random  (small  variance)  and  the  change  in  the 
cumulative  power  between  0.8  and  1.2  Hz  indicates  that  the  power  present  in  this  peak 
(approximately  0.005  (deg/s)2)  is  extremely  small. 

A  1  Hz  peak  is  also  found  in  the  Sea  King  data  (Figs  3.1  and  3.2)  which  is  both 
highly  correlated  and  in  phase.  The  peaks  at  3.4  and  17  Hz  correspond  to  the  primary 
rotor  shaft  and  primary  rotor  (five  blades)  frequencies  respectively. 

The  vibration  results  from  the  Comet  and  Sea  King  aircraft  will  be  presented  in  full 
and  discussed  in  more  detail  in  an  RAE  Technical  Report  to  be  published  in  the  near  future. 

5  APPLICATION  OF  THE  VIBRATION  SENSOR  DATA  TO  ALIGNMENT  SIMULATION 

As  stated  in  the  introduction,  it  is  required  to  develop  a  computer  simulation  of 
aircraft  linear  and  angular  vibration  for  use  in  the  development  of  strapdown  algorithms. 
Using  the  measuring  device  described  in  section  2,  typical  aircraft  vibrations  have  been 
recorded  and  the  data  analysed  to  yield  power  spectra  and  cross  spectra  between  channels, 
as  presented  in  section  3. 

Real  data  could  be  used  for  simulation  work  provided  care  was  exercised  in  the 
interpretation  of  the  vibration  sensor  outputs  but  the  problems  involved  with  handling  the 
required  volume  of  data  would  be  considerable.  In  addition  the  results  of  such  a  simula¬ 
tion  would  be  limited  by  the  accuracy  of  the  sensors  used  and  a  knowledge  of  the  time 
history  of  the  aircraft's  attitude  would  be  required. 

The  use  of  a  computer  model  to  simulate  motion  with  the  correct  spectral  character¬ 
istics  has,  however,  been  adopted  since  it  is  considered  to  be  a  more  flexible  approach 
for  the  following  reasons: 

(i)  the  data  handling  problems  are  avoided; 

(ii)  angular  and  linear  vibration  data  can  be  simulated  which  corresponds  to  any  vehicle 

or  environment,  real  or  hypothetical. 

In  order  to  remove  the  necessity  to  know  the  time  history  of  the  attitude  and  the 
dependence  of  the  simulation  performance  on  the  quality  of  the  vibration  sensors,  it  is 
necessary  to  first  separately  compute  the  gravitation  [9  ]B  and  earth's  rate  I  up;  1  B 
signals  associated  with  the  alignment.  To  these  are  added  components  representing  distur¬ 
bance  noise  which  are  formed  from  the  motion  simulation  programme.  The  spectral 
characteristics  associated  with  these  noise  components  are  in  turn  extracted  from  the 
vibration  data  presented  in  section  3.  The  sum  of  these  signal  and  noise  terms  then 
constitute  the  required  accelerometer  and  gyroscope  inputs  to  the  alignment  simulation. 

This  technique  is  now  considered  in  more  detail  for  the  gyroscope  and  accelerometer  inputs 
in  turn. 


5.1  Simulated  qyroscope  inputs 


The  input  signal  seen  by  a  triad  of  strapdown  rate  measuring  gyroscopes  is  the 
anqular  velocity  of  the  body  frame  with  respect  to  inertial  space  in  body  frame 
components  (  i.iTr,  lB  .  Now 
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where  [  wNR  I  is  the  angular  velocity  of  the  body  frame  with  respect  to  the  local 
geographic  frame.  This  represents  airframe  vibration; 

I  ui  I  is  the  angular  velocity  of  the  geographic  frame  with  respect  to  the  earth 
-EN  frame.  This  represents  bulk  airframe  motion  with  respect  to  the  ground; 

I  w  1  is  the  angular  velocity  of  the  earth  frame  with  respect  to  inertial  space; 
and  " 

CN  is  the  transformation  matrix  between  the  geographic  and  body  frames. 

In  constructing  the  inputs  to  the  gyroscope  models  in  the  alignment  simulation 
using  Eq.(5-1),  it  is  required  to  compute  separately  the  gyrocompassing  signal  (final 
term  on  the  right  hand  side  of  Eq.(5-1)  and  to  add  this  to  the  first  two  terms  of  Eq.(5-1) 
which  are  to  be  generated  by  the  vibration  simulation. 

If  the  vibration  simulation  is  set  up  with  unmodified  spectral  data  from  actual  rate 
gyroscope  measurements  of  the  vehicle  environment,  it  will  generate  signals  which  have  the 
same  spectral  characteristics  as  the  measurements  themselves,  ie  corresponding  to  Eq.(5-I) 
plus  any  rate  gyroscope  bias.  Since  the  vibration  simulation  technique  generates  unbiased 
outputs,  dc  components  of  the  measurement  (gyroscope  bias  and  the  dc  component  of  the 
final  term)  will  be  lost.  Thus  an  unmodified  simulator  output  (Su>  would  correspond  to: 

Su  =  t-NB^  +  Cn[-En]  +  Cn£-IE  ^  ac  (5-2) 


Since  the  last  term  on  the  right  hand  side  of  Eq. (5-2)  is  to  be  generated  separately 
it  is  ideally  re<  uired  to  deduce  the  power  spectrum  corresponding  to  this  term  and  to 
remove  it  from  the  power  spectrum  of  the  angular  measurement  [ujjg]®. 

[Hote  that  simple  subtraction  is  not  appropriate  (see  Appendix  A)  since  the  elements  are 

correlated  through  C®,  and  .  ) 

N  -NB 

The  resulting  power  spectrum  corresponding  to  the  first  two  terms  in  Eq.(5-2)  would 
be  used  to  prime  the  vibration  simulator  which  would  then  generate  a  modified  output  (S  ) 
where: 
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The  gyrocompassing  signal  C^[ujje]  in  both  its  dc  and  ac  components  could  then  be 
separately  computed  in  the  simulation,  and  added  to  the  modified  vibration  simulator  out¬ 
put  Sm.  Thus  the  required  inputs  to  the  sensor  models  (Eq.(5-1))  are  generated  without 
error . 


i 
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This  procedure  is,  however,  rather  complex  and  it  is  required  to  establish  whether 
a  simple  approximation  will  yield  sufficiently  accurate  results. 


Suppose  the  vibration  simulator  is  primed  with  the  measured  angular  velocity  power 
spectrum,  then  it  will  generate  an  output  corresponding  to  Eq.(5-2).  To  this  output  would 
be  added  the  separately  computed  gyrocompassing  signal  Cn[-Ie3N  its  ac  and  dc 

components  and  the  resulting  signal  (S^)  used  as  an  approximation  to  Eq.(5-1).  Now 


_  r  i  B  „B N 

L-NbJ  Cn[-EnJ 


+  SBt*iEf 


(ac) 


■  rBr  ,N 

CN C-Ie1 


(ac) 


+  CN  [*IEf 


(dc) 


(5-4) 


which  is  in  error  by  C®[  ,jIE  I'lac)  con,Pare<3  with  the  required  signal  given  by  Eq.(S-I).  This 
aoproach  is  therefore  valid  only  if  the  error  in  approximating  Eq .  ( 5  —  I )  viz 

i  r.,  1 

I  N  l- IE  ■<  (ac)  I  max  ,r  r  , 

c  -  - 5 -  <  5  -  a ) 

IU-IbI  Lax 


is  acceptably  small. 

In  order  to  estimate  the  magnitude  of  this  error  assume  that  the  airframe  is 
subjected  to  both  pure  linear  disturbances  along  the  y  axis  and  angular  disturbances 
about  the  x  axis  which  give  rise  to  linear  components  due  to  moment  arm  effects. 

Assume  that  the  pure  linear  motion  can  be  described  by 


and  the  angular  motion  by 


which  gives  rise  to  a  linear 


0  = 

component 


yQ  sin(«Lt) 


Op  sinU'at) 
hOg  sinfu^t) 


where  h  is  the  moment  arm. 
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In  order  to  simplify  the  treatment  ignore  the  fact  that  these  motions  are  uncorre¬ 
lated,  assume  they  are  in  phase  and  simply  add  the  effects.  From  data  taken  on  the  Comet, 
we  may  assume  that  =  2v,  h  =  200  cm  and  apply  the  constraints: 


y0  +  heo 


0.5  cm 


(maximum  lateral  movement  at  the  mounting  point  of  the  sensor  pack)  and  arbitrarily, 

y0  -  he. 


’0  • 


Evaluating  l  SiIB  I  in  Eq.  (5-5)  gives: 


I  I  ~  0ny  -  7.8  *  10  rad/s  , 

-Nb  u  a 


1  -EN  1 


^ O^L  +  h0  O'*1 


a  =  5  *  10~9  rad/s  , 


where  R  is  the  radius  of  the  earth  and 


1  w  I  -  SI  cos  X  =  4.6  x  10  5  rad/s  , 

which  is  the  horizontal  component  of  earth's  rotation  rate  at  a  latitude  X  of  51  degrees. 
Hence 

[ 2  ]  -  7.85  x  10-3  rad/s  . 


In  order  to  evaluate  the  maximum  value  of  the  numerator  in  Eq. (5-5)  assume  that  the 
vehicle  is  pointing  west  and  is  subjected  to  the  motion  described.  Then 


C8[  l1?  ,  =  a  cos  x  cos  6  -  Si  sin  x  sin  6  -  a  cos  x  . 

N  -IE  (ac) 

Since  the  maximum  value  of  6  is  small  (2.5  x  10~3  rad)  this  approximates  to 
C8|  -IE  1  *(ac )  =  “  s!  sin  X60  =  7.06  X  10  8  rad/s 
Substituting  these  values  for  1  <iIB  1  and  C81  -ie  '  N  into  Eq.(5-5)  yields 


-4 

c  =  9  x  io  per  cent 

which  is  acceptable  for  the  disturbance  motion  assumed. 


5.2  Simulated  accelerometer  inputs 


The  input  sional  seen  by  the  strapdown  accelerometer  triad  is  the  specific  force  in 
body  axis  components  (  A  lB  .  Now 


(5-6) 


where  the  first  term  on  the  right  hand  side  represents  inertial  acceleration  and  the 
second  represents  the  mass  attraction  gravitation  vector. 

Expressing  in  terms  of  a  the  apparent  acceleration  due  to  the  earth's 

gravitational  field,  Eq.(5-3)  can  be  written 


(  A  ! 


E 


-IE 


-IE 


R)  1 


(5-7) 


Using  Coriolis'  equation  it  can  be  shown  that  inertial  acceleration  is  related  to  ground- 
speed  Vg  by 

B 

+  I  (Ujg  +  Wjj.)  X  Vg  I  B  +  I  Ujg  A  K)  I  ^  •  (5-8) 


Therefore  Eq.(5-7)  becomes 


(5-9  j 


24-8 


In  constructing  the  inputs  to  the  accelerometer  models  in  the  alignment  simulation 
(Eq . ( 5— 9 ) )  it  is  required  to  compute  separately  the  levelling  signal  (final  term)  for  the 
reasons  discussed  earlier. 

In  order  to  synthesise  the  accelerometer  input  signals  in  a  realistic  way  the 
following  procedure  might  be  adopted. 

With  the  same  disturbance  motion  as  was  assumed  for  the  treatment  of  the  gyroscope 
signals,  the  cross  product  term  in  Eq.(5-9)  is  small  and  can  be  neglected.  Separating 
the  pure  linear  and  moment  arm  contributions  the  signal  for  the  y  accelerometer  can  be 
written  as: 


A 


y 


dv 

_ y 

dt 


+  h(i 


linear 


(5-10) 


Since  the  second  and  third  terms  are  correlated  and  uncorrelated  with  the  first  term,  the 
following  procedure  is  suggested. 

The  angular  velocity  (ex)  power  spectrum  from  the  x  rate  gyroscope  is  converted 
into  a  spectrum  of  angle  (6X)  by  dividing  the  amplitude  of  each  peak  by  the  square  of  its 
centre  frequency.  This  power  spectrum  is  then  scaled  by  multiplying  by  -g2. 

Again  operate  on  the  x  rate  gyroscope  power  spectrum  but  now  generate  a  power 
spectrum  of  angular  acceleration  (<5X)  by  multiplying  the  amplitude  of  each  peak  by  the 
square  of  its  centre  frequency.  This  power  spectrum  is  then  scaled  by  the  square  of  the 
assumed  moment  arm  h. 


The  two  power  spectra  so  formed  correspond  to  the  spectra  of  -g‘!x  and  h::  in 
Eq.(S-lO).  These  two  correlated  spectra  are  then  combined  (see  Appendix  A)  and  the 
result  subtracted  from  the  power  spectrum  measured  by  the  y  accelerometer  to  produce  the 
spectrum  corresponding  to  the  uncorrelated  motion  (first  term  in  Eq .  (5—10)) .  This  is 
then  used  to  prime  the  vibration  simulator  which  will  yield  as  its  output  the  accelera¬ 
tion  due  tc  the  pure  linear  motion  in  the  time  domain. 

The  basic  structure  of  the  strapdown  alignment  simulation  is  illustrated  in  Fig  4. 
The  real  world  model  generates  the  time  history  of  vehicle  attitude  (equivalent  to  6X  in 
Eq . (5—10) ) .  It  can  also  be  made  to  generate  the  time  history  ct  angular  acceleration 
(equivalent  to  Sx  in  Eq.(5-10)).  These  two  parameters  can  be  scaled  by  -g  and  h 
respectively  and  added  to  the  vibration.  imulator  output  to  yield  the  input  signals  to 
the  accelerometer  models,  correctly  formed  with  the  levelling  sional  correctly  computed. 

Once  again  the  procedure  is  rather  complex  and  it  is  required  to  establish  whether 
a  simple  approximation  wiil  be  sufficiently  accurate. 

The  simplest  procedure  is  to  prime  the  vibration  simulator  with  the  measured  linear 
accelerometer  poW’  »•  spectra  so  that  it  will  generate  an  output  Su  equivalent  to  the  ac 
component  of  Eq . (5—10) ,  ie 


S 

u 

arm 


dv 

dt 


+  ho 


-  gr 


(5-11) 


linear 


moment 


for  the  simple  motion  being  considered.  (Accelerometer  bias  wiil  not  be  present  in  the 
output  since  ac  coupling  of  the  accelerometer  signals  is  adopted  and  bias  is  removed  in 
the  vibration  simulator.) 


To  this  output  would  be  added  the  separately  computed  levelling  signal  -g0x  in  both 
its  ac  and  dc  components.  The  resulting  signal  given  by: 


dv 

dt 


4  ho  -  gO 

X  X 

linear  moment  ac 

arm 


+  -QH 


ac&dc 


(5-121 


would  be  used  as  an  approximation  to  Eq.(5-10).  This  approach  will  only  le  valid  if  the 
error,  given  by 


<3« 


(5-1 1) 


is  acceptably  small. 

Substituting  parameters  for  the  assumed  motion  into  Eq. (5-13)  for  A  and  gn 
qives:  ^  x  ac 
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dv 

dt 

linear 

y0“L  =  9-9 

cm/s2 

=  1 0  mg 

he 

X 

= 

hVa  =  9‘9 

cm/s2 

=  1 0  mg 

g0 

^  X 

= 

1 . 2  cm/s2 

=  1 . 3  mg 

mg 

.  Also 

g6 
^  X 

=  1.2  cm/s2 

=  1  . 

3  mg 

For  the  assumed  motion  then  an  error  of 


e  =  6  per  cent 

results  in  the  input  of  the  accelerometer  models  which  for  the  present  purposes  is 
considered  to  be  adequate. 

It  should  be  emphasised,  however,  that  if  the  motion  was  predominantly  angular  and 
the  moment  arm  small,  as  might  be  the  case  for  high  frequency  structural  modes  of 
oscillation,  a  large  error  would  result  from  this  approximate  approach  and  the  more  com¬ 
plex  procedure  should  therefore  be  adopted. 

6  THE  MODELLING  AND  SIMULATION  PROCESS 

In  section  6.1  a  mathematical  approach  is  developed  for  modelling  linear  and 
angular  vibration  and  in  section  6.2  the  application  of  the  model  to  the  simulation  of 
real  data  is  described. 

6.1  The  mathematics  of  vibration  simulation 

Two  approaches  have  been  considered  for  the  simulation  of  vehicle  frame  vibration. 
They  are  referred  to  here  as  the  ’Analytic’  approach  and  the  'Empirical'  approach. 

The  'Analytic'  approach  involves  modelling  the  dynamics  of  a  particular  vehicle  by 
deriving  a  set  of  transfer  functions  which  relate  output  motions  to  input  disturbance. 
These  transfer  functions  would  describe  the  uncoupled  and  coupled  motions  between  the  six 
channels  (three  linear  and  three  angular).  The  output  motions  I  X  ]  could  then  be  related 
to  the  input  disturbances  I  I  ]  by  the  matrix  equation: 

[X  )  =  Till  (6-1) 

where  I  I  ]  is  a  6  >  1  vector  representing  the  disturbances,  I  X  ]  is  a  6  *  1  vector  repres¬ 
enting  the  output  motions  and  T  is  a  6  *  6  matrix  of  transfer  functions. 

There  are  two  major  problems  associated  with  this  approach.  Firstly  it  would  be 
extremely  difficult  to  calculate  the  36  transfer  functions  to  any  degree  of  accuracy 
except  for  the  most  simple  of  systems.  In  particular  it  would  be  virtually  impossible  to 
account  for  all  the  structural  modes  of  oscillation.  Additionally  it  would  be  potentially 
difficult  to  quantify  physical  input  disturbances  in  terms  of  the  six  input  channels.  In 
the  case  of  an  aircraft  for  example  it  would  not  be  trivial  to  model  as  an  input  the 
effect  of  a  wind  gust. 

Because  of  these  difficulties,  and  the  relative  inflexibility  of  the  approach,  it 
was  decided  to  employ  the  so-called  'Empirical'  approach.  In  this  case  the  statistics  of 
the  motion  to  be  simulated  are  expressed  as  a  set  of  power  spectra  and  cross  spectra. 

These  spectra  are  divided  into  constituent  peaks  which  are  quantified  by  their  magnitude, 
centre  frequency  and  half  power  bandwidth.  For  each  of  these  peaks  a  transfer  function  is 
derived  which  operates  on  white  noise  input  disturbances.  These  disturbances  are  genera¬ 
ted  with  zero  mean  to  ensure  that  the  resulting  output  motion  is  unbiassed.  The  motions 
corresponding  to  each  of  the  peaks  in  the  power  and  cross  spectra  are  appropriately 
scaled,  phase  shifted  and  added  into  the  appropriate  channels  to  yield  net  motion  with  the 
desired  spectral  characteristics. 

The  mathematical  analysis  of  this  'Empirical'  approach  is  treated  in  four  stages  as 
f ol lows . 


(i)  Initially  either  linear  or  angular  motion  of  the  aircraft  along  or  about  one  of  the 
three  orthogonal  body  axes  is  considered.  In  addition  such  motion  is  assumed  to  have  a 
particularly  simple  power  spectral  density  as  illustrated  in  Fig  5.  The  required  output 
from  a  simulation  will  result  when  white  noise  is  passed  through  a  filter  with  the 
appropriate  transfer  function.  The  required  transfer  function  is  derived  in  section  6.1.1. 


(ii)  Algorithms  are  then  derived  (in  section  6.1.2)  whereby  the  above  transfer  function 
is  used  together  with  a  white  noise  input  to  produce  linear  (or  angular)  motion  as  a 
function  of  time. 
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(iii)  The  motion  corresponding  to  more  complex  power  spectra  (as  in  Fig  6)  is  then 
simulated  by  combining  the  outputs  of  individual  simple  systems  of  the  type  considered 
in  section  6.1.1.  This  is  discussed  in  section  6.1.3. 


(iv)  Finally,  the  above  treatment  can  be  extended  to  provide  simulated  motion  for 
several  channels  simultaneously.  In  particular  section  6.1.4  shows  how  correlated  motion 
between  channels  may  be  simulated. 


6.1.1  Theory  for  a  simple  system 


As  previously  stated,  the  vibrational  motion  to  be  simulated  is  assumed  initially 
to  have  the  PSD  illustrated  in  Fig  5.  A  transfer  function  H(s)  is  selected  whose  modulus 
squared  approximates  to  th;s  shape.  When  such  a  transfer  function  acts  upon  appropriately 
scaled  white  noise,  the  output  will  represent  vibrations  with  the  given  PSD. 


It  is  shown  in  Appendix  B  that  the  PSD,  Sj(u)  of  an  input  to  a  transfer  function 

H(s)  is  related  to  the  PSD  of  the  output  S  (u)  by  the  expression 

0 


Se(w)  =  |H(ju)rSj(w)  . 


(6-2) 


.  2 


Thus,  if  the  input  is  white  noise  scaled  to  have  a  uniform  PSD  of  height  1  unit  /Hz  then 


Sj (w)  —  1 


Eq.(6-2)  therefore  becomes 


S  p  ( u )  =  |  H  ( j  w )  r 


(6-3) 


This  relates  the  magnitude  of  H { j u )  to  the  PSD  of  the  required  output. 

The  transfer  function  for  an  under-damped  second  order  system  may  be  expressed  as: 


H(s) 


/k 


+  2Eo  s  4 
n 


(6-4) 


It  is  found  that  |H(jw)|  corresponds  to  S9(u>)  as  required  provided  the  constants 
k,  un  and  E  are  related  to  the  parameters  u>q  (centre  frequency),  B  (half  power  bandwidth) 
and  Ap  (maximum  power  density)  as  specified  in  Fig  5  by: 


n 


E 


k  =  (l  -  (1  -  2E2)2)Ap  . 


for 


small 


(6-5a) 


( 6  —  5b ) 


( 6  —  5c ) 


Having  specified  the  appropriate  transfer  function  it  is  now  necessary  to  derive  the 
precise  equations  required  to  generate  the  simulated  vibrations. 

6.1.2  Implementation  of  the  theory 

The  task  of  providing  the  explicit  algorithms  to  generate  motion  is  tackled  in  two 
stages.  Firstly  the  equation  relating  input  to  output  for  a  continuous  system  is 
expressed  in  terms  of  the  transfer  function,  and  then  converted  into  a  differential  equa¬ 
tion.  Secondly,  since  outputs  are  required  at  discrete  time  intervals,  the  continuous 
equation  is  converted  to  a  discrete  time  form  from  which  the  required  outputs  can  be 
extracted . 


If  the  input  to  a  continuous  second  order  system  I ( t )  has  Fourier  transform 
f  I  ( t ) >  and  the  output  e(t)  has  Fourier  transform  &  (6(t)  )  then  as  shown  in  Appendix  B, 
tKese  are  related  by 


( f»  ( t )  ) 
.#■  f  I  ( t )  1 

(A) 


H  ( jui) 


( jw) 


7 


u,2  /k 

n 

- ; - 1 

2Eu-  {  j  u) )  +  u) 

n  n 


Cross  multiplying,  we  have 


2E  w  ( j  ) 
n 


+ 


*  {  o  ( t )  1 

(u 


U,2  /k  &  { I  (t)  ) 
n  u) 


(6-6) 


(6-7) 
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This  nay  then  be  converted  to  a  differential  equation  by  taking  the  inverse  Fourier  trans¬ 
form  of  each  side.  Thus: 


nit)  *  2t\.  t’>  (t)  +  u,2f*(t)  =  e2  /Kilt)  +  const. 


(6-8) 


For  purposes  of  computer  simulation  it  is  convenient  to  express  this  second  order 
differential  eouation  in  a  single  variable  as  two  first  order  equations  in  matrix  form. 
This  is  accomplished  by  introducinci  a  second  variable 

v  ( t )  =  e<t) 

6  is  subsequently  referred  to  as  output  displacement  and  d  as  output  velocity. 

Eq.(6-8)  may  then  be  written  as: 


i,  ft)  +  2Eu  *  (t)  +  U)  eft) 
n  n 


/k  I  ( t)  +  const. 


(6-10) 


Combining  Eq.(6-9)  and  (6-10)  into  a  sinole  matrix  equation  we  have 


(6-11) 


Eq . (6—11)  which  is  applicable  to  a  continuous  system  is  now  approximated  by  a 
discrete  time  equation  since  Outputs  are  required  at  discrete  time  intervals.  The  form 
of  the  corresponding  discrete  time  equation  is 


/9(tn,\ 

i.( 

1  \ 

S1 1 
S21 


nl(tn>\ 
n2(tn>  / 


(6-12) 


where  0(t  )  and  iM  t  )  represent  the  value  of  6  and  if  respectively  at  time  t  ,  n,(t  )  and 
n  n  n  1  n 

n2(tn)  represent  input  disturbances  which  occur  at  tft,  and  and  s^  are  constant 

coefficients  to  be  determined. 


From  Eq . (6—12)  it  is  seen  that  the  output  at  time  t  is  a  linear  combination  of 
the  output  at  time  tn  and  the  disturbances  occurring  at  t". 

The  noise  inputs  nj (tn)  and  n2(tn)  are  specified  as  being  white  Gaussian  random 
numbers  with  zero  mean  and  unity  variance.  Here  the  term  ’white'  implies  that  the  input 
disturbances  at  any  time  are  independent  of  those  of  any  other  time.  By  imposing  the 
condition  that  they  are  'Gaussian'  implies  that  they  take  a  range  of  values  each  of  whose 
likelihood  is  given  by  a  'normal'  or  'Gaussian'  distribution.  The  condition  of  unity 
variance  merely  acts  as  an  arbitrary  scaling  factor,  the  disturbances  being  rescaled  to 
the  correct  values  by  the  choice  of  Sjj,  ...,  s22' 


The  coefficients  i^2,  *21  and  *22  are  determined  by  solving  the  continuous 

equation  (6-11)  and  then  expressing  the  result  in  the  discrete  time  matrix  form  of 
Eq.(6-12).  Defining 

=  o.  (1  -  E2)  ^ 


then  it  can  be  shown  that: 


1  1 


12 


21 


j  2  +  expl  -EwnT  )  cos(wRT) 


—  expl  -Ew  T  I  sin(u>_T) 
“R  n  R 


> 


(6-13) 


=  -u  f 


n  1  2 


*22  =  expl  -Eu>nTl  cosU>RT)  -  Ewnf12  J 

where  T  =  t  ,  -  t  . 

n  +  1  n 

The  coefficients  Sj , ,  ...,  s22  are  next  determined  by  imposing  the  requirements 
that  the  covariances  of  the  outputs  of  the  continuous  and  discrete  cases  are  equal.  This 
yields  the  followina: 


-M-i : 


In  order  to  initialise  the  process,  it  is  necessary  to  specify  the  initial  values 
for  displacement  and  velocity.  Typical  values  for  these  may  be  generated  by  random 
selection  from  numbers  with  a  Gaussian  density  distribution.  For  example  the  displace¬ 
ment  at  any  time  is  assumed  to  have  a  Gaussian  distribution  with  zero  mean  and  variance 
K 1  •  ) .  The  explicit  values  of  this  variance  is  equal  to  the  area  under  the  PSD  curve  and 
may  be  shown  to  be  equal  to  3kun/4E. 

I  r.  particular  this  is  achieved  by  generating  a  Gaussian  random  number  with  mean 
zero  and  variance  1 ,  and  then  multiplying  the  result  by  a  scaling  factor  of  /3k  wn/4E.  In 
i  similar  fashion  the  initial  velocity  can  be  generated  by  multiplying  another  such 

Guassiar  random  number  (zero  mean,  variance  1)  by  /3ku^/4E. 

n 

Having  now  defined  all  the  constants  in  Ea.(6-12)  and  specified  the  initial 
conditions,  successive  values  of  4  and  *  may  be  generated  for  t  ,  t^,  ...  . 

It  should  be  noted,  however,  that  Eq.(6-12)  is  an  approximation  to  Eq . (6—11)  and 
makes  the  assumption  that  the  motion  is  linear  in  each  time  increment  tn  to  tn  +  1. 
Therefore  Eq . (6—12)  may  only  be  used  to  generate  simultaneous  outputs  at  frequencies  for 
which  the  period  is  large  compared  with  the  time  increment. 

For  example,  if  it  is  required  to  simulate  motion  up  to  a  frequency  of  20  Hz  an 
iteration  rate  of  say  200  Hz  should  be  chosen.  Higher  frequencies  can  be  accommodated  by 
either  increasing  the  iteration  rate  or  adopting  a  higher  order  of  approximate  solution 
to  Kq .  (6—11)  than  that  of  Eci .  (6—12)  . 

6.1.3  The  simulation  of  more  complex  power  spectra 

The  results  and  methods  detailed  in  section  6.1.1  and  6,1.2  are  now  extended  to 
simulate  disturbances  whose  power  spectra  have  more  complex  forms  as  indicated  in  Fig  6b. 
This  is  achieved  by  simply  considering  the  total  output  as  being  composed  of  the  sum  of 
several  independent  components  each  corresponding  to  a  distinct  peak  in  the  power 
spectrum. 

For  example  the  spectrum  of  Fig  6b  is  considered  to  consist  of  two  components  as 
illustrated  in  Fig  6a.  Outputs  for  each  of  these  two  simple  constituent  systems  may  then 
be  generated  independently  as  detailed  in  section  6.1.2  to  yield  the  required  result. 

Care  must  be  taken,  however,  to  ensure  that  the  noise  inputs  to  the  individual 
peaks  are  generated  by  independent  random  numbers  otherwise  the  resulting  motions  would 
be  correlated  and  additional  ■  ■  on^nts  would  appear  in  the  power  spectrum  (see 
Appendix  A) . 

6.1.4  Simulatin'  ’*-jy  -hannel  systems 

It  is  now  requireu  to  extend  the  above  techniques  to  cope  with  the  simulation  of 
several  channels  of  disturbance  simultaneously. 

rf  each  of  the  channels  vibrates  independently  of  the  others,  then  the  task  is 
simple.  In  this  case  each  channel  may  be  treated  separately  and  the  motion  simulated 
according  to  the  techniques  detailed  in  sections  6.1.2  and  6.1.3.  However,  in  order  to 
ensure  that  the  output  motion  of  each  channel  is  independent  of  the  rest,  it  must  be 
ensured  that  the  random  input  disturbances  which  drive  each  channel  are  also  independent. 
This  entails  generating  separate  and  independent  random  numbers  to  drive  each  channel 
individual ly . 

The  problem,  however.  Is  a  little  more  complex  if  the  channels  are  coupled.  The 
method  of  incorporating  correlated  motion  in  the  simulation  is  introduced  here  by  a 
simple  two-channel  example. 

Suppose  it  is  required  to  simulate  the  motion  of  a  system  with  two  channels,  A  and 
B  which  are  coupled  to  some  degree.  Each  channel  consists  of  two  components,  one 
representing  the  independent  or  uncorrelated  motion,  and  the  other  a  component  common 
between  channels. 


Thus  the  output  of  channel  A  Is: 


( 


i 


and  the  output  of  channel  B  is: 


al  ft)  +  >c(t) 


bj  ( t )  +  uc  ( t 


(6-15) 


Here  (t)  and  bj(t)  represent  the  independent  components  of  motion  and  c(t)  the 
common  component.  This  common  component  is  scaled  by  ’■  and  before  add  1  ng  to  the 
channels  A  and  B  respectively  and  a  time  lag  r  or  relative  phase  angle  introduced.  If 
a|(t),  b1 (t)  and  c(t)  are  generated  independently  it  is  found  (see  Appendix  A)  that  the 
averaged  power  spectra  of  the  output  of  each  channel  is  related  to  the  power  spectra  of 
the  constituent  parts  by  the  relationships: 

SA(u)  =  SAj(o)  +  l2sc(w)  ] 


Sg(w)  =  Sgj (u)  +  u  J 

In  addition  the  cross  spectrum  between  the  channels  is  given  by 

=  XuS^fc)  (6-1" 

(.Note:  in  the  above  it  is  assumed  that  averaged  expressions  are  used  to  give  meaningful 
values . ) 

For  convenience  1  and  p  may  be  chosen  so  that  >u  =  1.  Then  Eg. (6-17)  becomes 

sab(w)  =  scU)  . 

To  summarise,  by  defining  power  spectra  SAj  ,  SB;  and  Sc ,  generating  outputs  from 

each  and  combining  according  to  Eq.(6-15)  the  result  will  be  equivalent  to  two  channels 
whose  PSDs  are  SAj  +  '  and  SBl  +  (1/02SC,  and  whose  cross  spectrum  is  S(. . 

The  relative  phase  angle  will  be  expressed  by  the  time  lag  t  of  Eq.  16-15)  and  may 
be  chosen  independently  for  each  peak  of  the  power  spectra.  In  this  way  it  is  possible 
to  simulate  the  motion  of  two  channels  where  the  power  spectra  of  the  uncorrelated 
motion,  and  the  cross  spectra  are  given.  It  should  also  be  noted  that  the  choice  of  - 
may  be  made  from  a  range  of  possible  values  and  indeed  may  be  chosen  independently  for 
each  peak  frequency. 

Therefore,  the  outputs  in  this  simple  case  are  regarc.  ed  as  being  caused  by  three 
types  of  disturbance,  one  of  which  causes  correlated  motion,  and  others  causing  indepen¬ 
dent  motion  in  each  channel. 

For  a  system  with  many  channels,  however,  any  particular  type  of  disturbance  may 
exercise  certain  combinations  of  channels.  Also,  associated  with  the  resulting  output 
for  that  particular  disturbance  will  be  relative  phase  relationships  between  those 
channels.  It  is  therefore  possible  to  build  up  a  total  output  from  each  channel  by 
adding  together  appropriate  components  which  are  either  correlated  with  other  channels 
or  are  independent. 

Consider  for  example  a  four-channel  system  with  channels  A,  B,  C  and  D.  Suppose  a 
given  input  disturbance  exercises  channels  A,  B  and  D.  Then  such  a  component  of  motion 
may  be  generated,  scaled  for  each  of  the  three  channels,  and  added  to  the  uncorrelated 
components  of  motion  of  those  channels  incorporating  any  specified  phase  relationships. 

To  summarise,  a  method  has  been  outlined  whereby  the  motion  ot  a  multichannel 
system  can  be  synthesised  by  adding  together  components  as  desired.  The  reverse  process 
is,  however,  more  difficult,  it  is  more  difficult  to  derive  the  parameters  of  the 
individual  components  from  data  specifying  the  total  outputs. 

6.2  Application  of  the  model  to  the  simulation  of  real  data 

Using  the  model  it  is  possible  to  reproduce  motion  which  has  the  same  spectral 
characteristics  as  real  data.  However,  the  available  power  spectra  and  cross  spectra 
will  never  provide  a  complete  specification  of  the  actual  motion  except  in  the  most 
trivial  of  cases.  It  is  shown  below  that  for  a  given  set  of  spectra  there  is  a  range  of 
possible  input  parameters  to  the  simulation  which  yield  different  types  of  motion,  but 
whose  power  and  cross  spectra  are  equivalent. 

At  best  a  full  set  of  power  and  cross  spectra  between  all  of  the  six  channels 
(linear  and  anqular)  will  be  available.  However,  this  may  not  always  be  the  case, 
particularly  in  view  of  the  current  lack  of  published  angular  data.  This  further  com¬ 
pounds  the  problem  of  priming  the  simulation  to  yield  the  most  realistic  output. 

Consider,  for  example,  the  simple  two-channel  example  discussed  in  section  6.1.4. 
The  only  spectral  data  available  is 

SA  ,  SB  and  Sc  . 
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In  this  case  the  correlated  motion  scaling  factor,  1,  may  take  any  positive  value 
provided  Sa^  and  Sg^  of  Eq.(6-16)  remain  positive.  In  addition  associated  with  the 

available  spectra  S^,  Sg  and  S ^  there  are  likely  to  be  a  number  of  peaks  and  it  is 
feasible  that  X  may  be  different  for  each. 

It  therefore  becomes  apparent  that  whilst  it  is  possible  to  reproduce  motion  which 
has  given  statistical  properties  (specified  by  power  spectra  and  cross  spectra)  there  is 
considerable  latitude  in  choosing  the  necessary  parameters  to  prime  the  simulation.  It 
is  possible  that  the  accuracy  of  this  fine  detail  may  be  unimportant  in  certain  applica¬ 
tions,  however,  if  this  is  not  so  the  mechanics  of  the  particular  system  must  be  studied 
in  order  to  gain  insight  into  the  correlation  mechanisms. 

Before  considering  the  task  of  reproducing  six-channel  motion,  it  is  instructive 
to  first  confine  our  attention  to  the  simpler  two-channel  case. 

6.2.1  Reproducing  specified  two-channel  motion 


It  is  first  required  to  simulate  motion  in  two  channels,  A  and  B,  which  have 
associated  power  spectra  Sa  and  Sg  and  cross  spectrum  Sc.  as  illustrated  in  Fig  7.  The 
first  task  in  determining  the  input  parameters  for  the  simulation  is  to  identify  the 
principal  frequencies  of  these  spectra.  It  is  seen  that  the  spectra  given  by  Fig  7 
exhibit  only  one  peak  with  centre  frequency  cgand  that  the  cross  spectrum  is  identically 
zero.  The  motion  in  channels  A  and  B  is  therefore  uncorrelated.  In  this  case  the 
programme  is  primed  with  two  independent  peaks  which  happen  to  have  the  same  frequency 
and  half  power  bandwidth  but  different  magnitudes  Aft  and  Ag. 

Next  let  it  be  assumed  that  the  cross  spectrum  is  given  by  Sc2-  Since  the  maximum 
magnitude  of  the  peaks  of  the  power  spectra  are  Aa  and  Ag,  and  the  maximum  magnitude  of 
the  cross  spectrum  is  the  geometric  mean  of  these,  it  can  easily  be  shown  by  recourse  to 
fundamental  definitions  that  in  this  case  the  two  channels  are  entirely  correlated.  In 
this  case  the  coherence  between  the  channels  is  unity.  Therefore  the  motion  of  this 
system  may  be  simulated  using  motion  appropriately  scaled,  from  a  single  source.  The 
relative  phase  angle  between  channels  is  derived  from  the  real  and  imaginary  parts  of  the 
cross  spectrum  thus: 

imaginary  part  of  cross  spectrum 
tan  0  -  real  part  of  cross  spectrum 

In  both  of  the  examples  so  far,  no  correlation  and  total  correlation,  there  has  been  no 
ambiguity  in  deriving  the  simulation  parameters.  However  this  is  not  the  case  in  the 
third  example. 


Suppose  that  the  magnitude  of  the  cross  spectrum  is  Sc3  as  in  Fig  7.  Here 
tion  is  partial  and  three  independent  sources  of  motion  musf’be  used  to  form  the 
ing  output  motion  for  the  two  channels.  Labelling  these  sources  as  ajft),  bj(t) 
then  the  output  motion  of  channel  A  is  given  by 


correla- 
result- 
and  c ( t ) 


a (t)  =  aa j  (t)  +  ic  (t) 

and  for  channel  B  is 

b(t)  =  Bbj(t)  +  uc(t  +  t ) 

Here  a^(t),  bj(t)  and  c(t)  are  constrained  to  have  unity  maximum  height  power  spectra, 
a,  B,  X  and  t  are  scaling  factors,  and 

t  determines  the  relative  phase  angle  between  the  channels  and  cross  spectra. 


It  can  be  shown  that  the  heights  of  the  power  and  cross  spectra  are: 


and 


where 


and  u  are  real. 


=  A . 


2  2 
R  +u 


Xp  =  A 


Since 
dynamics  of 


there  are  only  three  constraints  for  the  four  unknowns 
the  system  must  be  taken  to  provide  the  most  realistic 


recourse  to  the 
solution . 


Finally,  if  peaks  at  several  frequencies  appear  in  the  spectra  whose  motion  is  to 
be  simulated,  then  a  similar  procedure  to  the  above  must  be  adopted  for  each  peak. 


6.2.2  Extension  of  the  approach  to  six  channels 

The  case  of  simulating  motion  in  six  channels  is  analogous  to  the  simpler  two- 
channel  case  above.  Firstly  the  power  spectra  for  the  six  channels  are  decomposed  into 
their  constituent  peaks  with  specified  centre  frequencies,  heights,  and  half-power  band- 
widths.  The  following  procedure  is  then  adopted  for  each  peak  in  all  six  channels. 

A  peak  is  selected  in  the  spectrum  of  channel  1  say,  at  a  centre  frequency  ... q ,  and 
the  spectra  of  the  remaining  channels  inspected  for  peaks  at  the  same  frequency.  If  none 
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exist  then  this  peak  corresponds  to  uncorrelated  motion  and  corresponding  motion  can  be 
simulated  in  a  straightforward  manner.  If,  however,  peaks  do  occur  in  the  other  channels 
at  this  centre  frequency  uq,  then  the  degree  of  correlation  must  be  established  by 
inspection  of  the  appropriate  cross  spectrum.  If  the  correlation  is  found  t  i  be  zero 
then  these  peaks  can  be  treated  independently  for  each  channel .  Alternative  y  if  the 
correlation  is  found  to  be  total,  then  the  motion  corresponding  to  those  peaks  can  be 
simulated  from  a  single  source  with  appropriate  scaling  and  relative  phase  angle.  If, 
however,  the  correlation  is  partial  then  the  following  procedure  may  be  adopted. 

Consider  each  of  the  six  channels  to  have  an  uncorrelated  component  of  motion 
a^f^(t)  (i  =  1,  ...,  6),  and  a  component  c.q^ft  +  tj)  correlated  with  other  channels.  As 
before  f^(t)  and  q^ft)  are  constrained  to  nave  unity  height  power  spectra.  r  ^ 

(i  =  1,  ...,  6)  denotes  the  relative  phase  angle  of  each  channel  with  respect  to  channel 
1  where  iq  is  assumed  zero.  In  addition  let  represent  the  maximum  values  of  the  given 
spectra  at  the  given  centre  frequency,  and  the  value  of  the  maximum  modulus  of  the 

cross  spectrum  between  channels  i  and  j.  As  in  the  two-channel  case,  and  c ,  must  be 
chosen  for  i  =  1,  ...,  6  in  order  that  the  resulting  motion  has  the  correct  power  spectra. 

Hence  the  following  must  hold: 

a?  +  c?  =  for  i=i,...,6  (6-21) 

c^Cj  =  for  i=l,...,6;  j=l,...,6  (6-22) 

where  the  a.  and  c.  are  real. 

i  l 

The  values  for  aj  and  c^  may  then  be  chosen  at  w i 1 .  subject  to  these  constraints . 
Once  again  recourse  to  the  dynamics  of  the  particular  system  must  be  taken  to  provide  the 
most  realistic  result.  As  before  the  relative  phase  angles  between  channels  are  deter¬ 
mined  via  the  cross  spectra  in  the  usual  manner  (see  Appendix  A).  If  it  is  found, 
however,  that  the  phase  anqles  between  the  channels  are  not  consistent  with  each  other, 
then  this  may  indicate  that  a  more  complicated  set  of  independent  input  disturbances  is 
operative.  For  example,  one  may  envisage  the  case  where  correlated  motion  may  exist 
between  channels  1  and  2  and  also  between  3  and  4  but  not  between  1  and  3.  In  this  case 
separate  independent  disturbances  would  be  giving  rise  to  the  two  sets  of  correlated 
mot  ion . 

7  FUTURE  WORK 

On  the  basis  of  the  work  carried  out  so  far  on  airframe  vibration  measurements  and 
simulation,  several  major  areas  warrant  further  investigation. 

(i)  In  the  near  future  it  is  intended  to  carry  out  vibration  measurements  in  the  BAe 
Buccaneer  aircraft  which  will  be  used  to  extend  the  range  of  dynamic  environment  for 
strapdown  inertial  navigation  system  evaluation. 

(ii)  An  investigation  will  be  carried  out  to  establish  whether  noise  generated  by  the 
monitoring  electronics  and  recording  process  contributes  significantly  to  the  spectral 
results  obtained  from  aircraft  measurements. 

(iii)  The  effect  of  incorporating  more  realistic  transfer  functions  to  synthesise 
particular  power  spectra  will  be  investigated. 

(iv)  In  section  5  it  was  suggested  that  under  certain  circumstances  care  must  be  exer¬ 
cised  in  interpreting  vibration  data,  when  attempting  to  generate  inputs  t  a  strapdown 
alignment  simulation.  Techniques  for  treating  the  vibration  data  will  be  examined  in 
detail  in  an  attempt  to  produce  realistic  simulation  conditions. 

(v)  The  '-'ibration  simulator  will  be  added  to  an  existing  strapdown  alignment  simulation 
(Fig  4)  which  will  be  used  for  algorithm  development  to  minimise  reaction  time  in  the 
presence  of  inertial  sensor  noise,  ■  laser  gyroscope  random  walk,  and  airframe 

d  i  s tu  rbances . 

(vi)  The  motion  simulation  technique,  discussed  here  in  the  context  of  a  parked  aircraft, 
will  be  extended  to  cope  with  in-flight  conditions  by  combining  it  with  a  flight  profile 
genera tor . 
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Fig  7  Hypothetical  power  and  cross  spectra 
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Appendix  A 

MATHEMATICAL  CONCEPTS  USED 
A.l  The  power  spectral  density  of  vibrations 

The  power  spectrum  of  a  mode  of  oscillation  of  a  vibrating  system  is  defined  as  a 
plot  of  the  mean  square  amplitude,  per  unit  bandwidth,  against  frequency. 

Thus  the  area  under  the  spectrum  between  two  frequencies  u  and  Au  represents  the 
amount  of  power  present  in  that  frequency  range. 

This  may  be  quantified  mathematically  as  follows. 

Suppose  the  displacement  of  a  system  at  any  time  t  is  given  by  the  continuous 
function  x(t).  If  the  Fourier  transform  at  a  frequency  of  this  signal  is  taken  over  a 
time  interval  0  to  T  we  have 


T 

#Mx(t)}  =  j  x  (tje^^dt  .  (A-l) 

0 

The  result  of  this  is  a  complex  valued  function  which  may  be  written  as 

jr{x(t))  =  F  (in)  e^ 0  ^  .  F(w)  is  interpreted  as  a  measure  of  the  'amount'  of  signal 
present  at  a  frequency  w,  and  8(w)  as  the  phase  angle  of  that  part  of  the  signal.  From 
this  the  power  spectral  density  function  is  defined  as 

Sv(w)  =  ±  [jr  {x(t>  }^*{x(t)  }]  =  ||y{x(t)}|2  (A-2 ) 

A  1  W  0)  J  1  U) 

where  *  denotes  the  complex  conjugate. 

This  is  another  way  of  expressing  the  amount  of  signal  present  at  a  frequency  w. 

The  value  T  is  introduced  to  normalise  this  measure  so  that  an  indication  of  the  energy 
present  at  that  frequency  per  unit  time  results. 

It  should  be  noted  that  large  fluctuations  in  the  value  of  the  power  spectrum  can 
occur  from  trial  to  trial  when  data  which  is  essentially  random  is  analysed.  In  these 
cases  the  spectrum  may  be  averaged  over  many  trials  to  improve  accuracy. 

It  is  shown  in  Ref  1  that  the  normalised  standard  error  over  q  trials  is  /l  /q . 

Thus  100  trials  are  required  for  a  10  per  cent  standard  error,  and  10000  fox  a  1  per  cent 
standard  error,  etc. 

The  units  of  the  power  spectrum  are  amplitude2/Hz,  and  it  may  be  further  shown  that 
the  area  under  the  power  spectrum  curve  is  equal  to  the  variance  of  the  displacement, 
since  the  mean  value  is  zero,  ie 


J  S(u)  dw  =  E(xlt)2)  (A- 3) 

0 

where  E  denotes  expected  or  mean  value. 

The  above  definition,  however,  applies  strictlv  speaking  to  functions  continuous  in 
the  time  domain.  In  this  work,  however,  it  is  required  to  form  an  estimate  of  the  power 
spectrum  of  discretely  sampled  motion.  If  x(tn)  for  n  =  0,1,.. . ,m  represents  the  series 
of  sampled  data,  then  it  can  be  shown  that*,  for  positive  frequencies,  estimates  of  the 
power  spectrum  of  x(t)  evaluated  at  are  given  by: 


(A-4) 


where  At  is  the  time  interval  between  samples, 

T  is  the  duration  of  the  trial  where  T  =  mAt,  and 

is  an  angular  frequency  from  the  set  {0,  1/T,  2/T,  ...,  1/2,  ...}. 

Once  again  accuracy  in  the  estimate  of  the  PSD  may  be  improved  by  averaging  results 
over  many  trials. 

It  should  finally  be  noted  that  care  should  be  taken  in  choosing  the  length  of  the 
trial  T.  This  affects  the  resolution  or  bandwidth  of  the  filter  (expression  (A-4))  which 
is  used  to  evaluate  the  amount  of  signal  present  about  a  particular  frequency.  A  full 
treatment  of  this  issue  is  given  in  Ref  1.  However,  for  the  filter  specified  by 
expression  (A-4)  a  bandwidth  of  about  2/T  Hz  may  serve  as  a  guide  to  its  use.  Therefore, 
when  using  the  above  procedure  of  averaging  results  over  many  trials,  the  duration  of 
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each  trial  T  must  be  chosen  so  that  2/T,  the  bandwidth  of  the  filter,  is  small  when 
compared  with  the  likely  half  power  bandwidth  of  any  peak  of  interest. 

A  mathematical  concept  also  used  in  the  presentation  of  vibration  data  and  closely 
related  to  the  power  spectrum  is  the  cumulative  power  function.  This  is  defined  at  a 
frequency  as  the  running  integral  of  a  PSD  from  zero  to  u>  ,  thus: 


j  S  (u>)  dw  . 

0 

It  follows  that,  since  a  PSD  always  takes  non-negative  values,  the  cumulative  power 
is  an  increasing  function.  The  use  of  this  variable  is  illustrated  in  section  4. 

A  second  function  closely  related  to  the  power  spectrum  is  the  envelope  ratio.  This 
is  defined  at  a  given  frequency  to  be  the  ratio  of  peak  to  rms  vn ' ues  for  a  set  of  power 
spectra  evaluated  for  a  set  of  trials.  It  indicates  the  degree  f  randomness  of  the 
signal  at  each  frequency.  Again  the  use  of  this  variable  is  illustrated  in  section  4. 

A. 2  The  cross  spectral  density 

This  relates  the  degree  to  which  two  vibrations  are  linked  at  any  given  frequency. 

If  the  two  sets  of  vibrations  are  represented  by  the  continuous  functions  x(t)  and 
y(t)  with  Fourier  transforms  &  (x(t))  and  &  (y(t)J,  then  the  cross  spectral  density  is 
defined  as  “  u 


S  (w)  =  I  ^(x<t)}  .^{y(t)!  .  (A-5) 

xy  T  w  g> 

SXy(u)  is  in  general  a  complex  valued  function  and  may  be  represented  by 

SxyU)  =  ^  G2U)ej*  ( A— 6 ) 

where  G(w)  is  a  measure  of  the  component  which  is  common  to  both  vibrations  and  4  the 
relative  phase  angle. 

Once  again  the  value  of  the  cross  spectral  density  must  be  averaged  to  obtain  a 
meaningful  result.  In  so  doing  the  uncorrelated  motion  is  averaged  to  zero.  This  is 
easily  seen  since  uncorrelated  motion  has  a  relative  phase  angle  which  changes  randomly 
with  time.  It  is  these  random  fluctuations  which  cause  the  average  for  the  uncorrelated 
motion  to  tend  to  zero.  Whilst  the  actual  phase  angle  of  the  correlated  motion  may  also 
vary  randomly,  the  relative  value  between  channels  will  be  fixed  and  consequently  the 
result  will  not  average  zero. 

In  an  analogous  fashion  to  the  definition  to  the  power  spectrum  considered  above,  a 
corresponding  set  of  discrete  time  equations  may  be  formed  for  the  application  of  the 
cross  spectral  density  concept  to  discrete  time  series. 

A. 3  The  coherence  function 

The  coherence  function  nxy(i*0  at  a  frequency  <+•  relates  the  cross  spectrum  between 
two  channels  X  and  Y  to  their  power  spectra  by  the  expression 


nxy(a,) 


S  U)S  (w) 
xy  xy 

S  (|,)S  U) 
x  y 


(A-7) 


Thus  it  expresses  the  ratio  of  the  square  of  the  magnitude  of  the  cross  spectrum  to 
the  product  of  the  individual  spectra  of  the  two  channels.  The  coherence  function  is 
furl her  seen  to  take  values  in  the  range  0  to  1 ,  zero  being  taken  when  the  two  channels 
are  uncorrelated,  and  unity  when  they  are  totally  correlated. 

The  data  presented  In  this  paper  on  correlated  motion  is  expressed  in  terms  of  this 
variable  rather  than  the  magnitude  of  the  cross  spectrum  itself. 


However,  given  the  power  spectra  and  the  coherence  function  the  magnitude  of  the 
cross  spectrum  may  be  obtained  from  the  relationship: 

|sxy(M)l  =  yUOS^KSyU.)  .  (A- 

A. 4  The  frequency  response  function 

The  modulus  of  the  frequency  response  function  (FRF),  referred  to  in  the  analysis 
of  correlated  motion  is  defined  as 


For  example,  if  analysis  is  performed  for  channel  Y  relative  to  channel  X,  then 


|FRF| 


(A- 1 0) 


This  parameter,  though  generated  in  the  data  analysis  and  shown  in  Figs  2  and  3, 
is  not  employed  in  the  vibration  simulator  reported  here. 

A. 5  The  combination  of  power  spectra 

Two  signals  a(t)  and  b(t)  with  corresponding  power  spectra  sA  and  SB  are  to  be 
combined  and  it  is  required  to  calculate  the  resulting  power  spectrum  Sft+B  of  the 
resulting  signal. 


By  definition: 


and 


Then 


'  A+B 


i  *  T 

SA  =  =  ?  (alt)  )  &  <a(t)  } 

A  T  ui  w 

SD  =  ^  *  { b < t )  (  *Mb(t)  } 

B  T  ui  w 

4  ^  {a(t)  +  b(t)  }  y*fa(t)  +  b(t)  } 

T  w  w 


(A- 11) 


=  4|Vfa(t)}  y  *  {a  (t)  (  +  9  { b  ( t)  }  y*{b(t)  ) 

T  [  u  u  tu  u 

+  »  {a(t)  }  y*{b(t)  I  +  9-  { b  (t )  }  ^*(a  (t)  )] 

U)  U)  vJ  U)  J 

therefore  Sft+B  =  SA  +  SB  +  +  SBft 

If  the  power  spectra  SA  and  SB  are  correlated  in  general  all  of  the  terms  in 
Eq.(A-12)  will  be  non-zero. 

For  uncorrelated  spectra,  however,  SftB  =  SgA  =  0  and  Eq.(A-12)  reduces  to 


S 


A+B 


SA  +  SB 


<A-1 3) 


I 


! 
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Appendix  B 

DERIVATION  OF  EQUATION  (6-2) 

In  this  Appendix  Eq.(6-2)  is  derived,  V  the  relationship  between  the  power  spec¬ 
trum  of  the  output  S9(oi)  and  the  input  Sj  (ui)  of  a  filter  with  transfer  xunction  H(s). 

Let  the  input  and  output  functions  be  I(t)  and  eft)  respectively. 

The  Laplace  transform  4^(1  of  the  input  function  is  defined  as 


X  { I (t)  ) 
s 


I  I(t)e"stdt 
0 


(B-l ) 


where  s  =  a  +  jtu. 

For  a  sampling  interval  from  0  to  T  we  can  write: 

T 


^stI(t) 


j  ntie'1^11, 
0 

j 


I(t)e'!a  +  jui)tdt 


( B-2 ) 


(B-3) 


By  definition  the  Fourier  transform  of  the  input  function  X  { I  (t)  )  is  given  by 

U3 

oo 

»MI(t)}  =  (  I  ( t )  e~^  wtdt  (B'4) 

hence 

y  (lit))  =  X  ( I  (t)  )  ,  (B-5) 

s  w 

when  a  the  real  part  of  the  complex  frequency  is  zero. 

Now  the  input  and  output  Laplace  transforms  are  related  by  the  expression 

s'  fe(t))  =  H(s)y  tilt))  .  ( b-6 ) 

For  a  sampling  interval  from  0  to  T  and  for  a  =  0  we  have 

X  (  (>  (t)  )  =  H  (  j  ui )  X  {  I  (t)  )  .  (B-7 ) 

W  w 

Taking  complex  conjugates  gives 

X*  (  ■■'  ( t )  f  =  II*  (  ju)  .«x*(  I  (t)  }  .  (B-8  ) 

Multiplying  Eq.(B-7)  by  (B-8)  and  dividin',  by  T  gives: 

=;  X  \*  (t)  ’■  X*  '  0  (t)  ‘  =  H(  j*)  i2  ^  X  (T  (t)  )  ,^*(1  (t)  } 

1  'i  lb)  U> 

or 

S.(  (u)  =  I  H  (  jw)  |  2Sj  (u.)  (B-9 ) 


which  is  the  required  result. 


Appendix  C 


SIMULATION  SOFTWARE 


C.l  Software  description 

The  algorithms  described  in  section  6  have  been  implemented  in  FORTRAN  IV  on  a 
Prime  750  computer.  The  main  program,  ' BMS ' ,  generates  output  motion  in  six  channels 
with  specified  spectral  characteristics.  The  units  of  the  output  motion  are  mean  square 
linear  acceleration/Hz  and  mean  square  angular  velocity/Hz  for  the  three  linear 
accelerometer  and  rate  gyroscope  channels  respectively. 

The  program  incorporates  an  optional  test  facility,  described  later  in  this 
Appendix,  which  enables  the  fallowing  parameters  to  be  calculated: 

(i)  the  time  averaged  output  for  each  channel; 

(ii)  the  standard  deviation  of  the  output  for  each  channel; 

(iii)  the  moduli  of  the  power  spectra  of  the  channel  outputs  and  cross  spectra  between 
the  channel  outputs.  The  program  is  currently  restricted  to  a  maximum  of 

20  frequencies  for  these  parameters; 

(iv)  the  phase  angles  of  the  output  motions  at  up  to  20  frequencies. 

A  separate  program  (not  presented  here)  is  used  to  average  these  results  over  many 
trials  of  the  program  to  ensure  statistical  validity. 

The  basic  structure  of  the  'BMS'  program  is  illustrated  in  Fig  8.  The  important 
aspects  of  the  program  operation  are  described  below. 

Block  (a) 

Input  data  is  fed  in  both  directly  by  the  operator  and  also  via  an  input  file.  The 
input  data  required  directly  consists  of: 

(i)  input  file  name; 

(ii)  run  duration  in  minutes; 

(iii)  required  iteration  rate  (maximum  200  Hz);  and 

(iv)  whether  the  program  test  option  is  required. 

If  the  test  option  is  required  the  following  additional  information  is  required: 

(a)  the  number  of  frequencies  for  which  power  spectra,  cross  spectra  and  phase 
angle  calculations  are  to  l.o  performed;  and 

(b)  the  output  file  name. 

The  input  data  file  referred  to  above  contains  the  following  information: 

(i)  the  number  of  peaks  to  be  simulated; 

(ii)  their  centre  frequency  in  Hz; 

(iii)  their  half  power  bandwidths  in  Hz;  and 

(iv)  the  scale  factors  and  phase  angles  (in  degrees)  relative  to  channel  )  for 
the  motions  corresponding  to  each  peak. 

Block  (b) 

Initial  calculations  are  performed  for  each  peak  in  order  to  evaluate: 

(i)  the  normalised  initial  output  position  and  velocity.  (The  peaks  are  then 
appropriately  scaled  and  phased  before  adding  in  to  each  channel); 

(ii)  the  transfer  function;  and 

(iii)  the  transition  and  scaling  matrices  ;  and  S  (see  section  6.1.2). 

Block  (c) 

Random  input  disturbances  are  generated  and  Eq.(6-12)  is  iteratively  updated.  As 
a  result  successive  values  of  output  velocity  and  acceleration  are  obtained  which  are 
scaled,  phased  and  added  into  a  12  «  800  element  array  whose  columns  represent  the 
velocity  and  acceleration  of  each  of  the  six  channels  at  successive  points  in  time.  A 
set  of  pointers  specified  by  the  relative  phase  angles  determines  where  the  velocities 
and  accelerations,  appropriate  to  each  peak,  are  added  into  each  channel.  The  pointers 
are  incremented  each  iteration  until  their  values  reacli  800  when  they  are  reset  to  zero, 
in  this  way  the  matrix  cyclically  stores  the  net  motion  of  the  system  as  it  is  built  up 
from  each  peak  over  4  seconds. 

After  every  200  iterations,  a  block  of  200  columns  of  the  matrix  representing  the 
system  motion  over  1  sec  mil  of  simulated  tiro  is  output.  These  elements  of  the  array  are 
then  set  to  zero  ready  to  accumulate  a  new  set  of  values.  It  can  be  shown  from  the  above 
that  the  program  can  accommodate  a  maximum  relative  phase  angle  with  respect  to  channel  1 
which  Is  equivalent  to  a  1.5  second  tine  delay. 


Block  (d) 

If  the  program  test  option  is  required,  running  totals  of  certain  parameters  are 
updated  after  every  second  of  elapsed  iteration  time.  The  final  values  of  these  para¬ 
meters  are  then  used,  on  termination  of  the  main  program,  to  evaluate  the  required  power 
spectra,  cross  spectra,  and  phase  angles  according  to  the  algorithms  described  in 
Appendix  A. 

C.2  Verification  of  the  simulation  program 

In  order  to  verify  that  the  simulated  motion  has  the  same  spectral  characteristics 
as  the  data  used  to  set  up  the  model,  three  simple  procedures  have  been  adopted. 

(i)  The  time  history  of  the  simulated  motion  is  observed  and  the  centre  frequencies  of 
the  principal  spectral  components  deduced. 

(ii)  The  simulation  program  is  made  to  estimate  the  mean  values  of  the  simulated  motion 
which  should  approximate  closely  to  zero.  In  addition  the  variances  of  the  simulated 
displacements  and  velocities  are  determined.  These  can  be  shown  to  satisfy  the 
relationships : 


E (x  ( t )  2 ) 

3kw 

n 

4E 

(C-l) 

and 

e(x ( t ) 2) 

3ku3 

n 

4E 

( C— 2 ) 

The 

ratio  of 

these  two  quantities 

is  used  to 

verify  w  . 

Having 

estimated  wq  (in  (i) 

above)  and 

wn ,  Eqs . (6-5) 

are  used  to  estimate  B,  C  and 

Ap  (using  also  Eq.(C-l)  or  Eq.(C-2)  above). 

Thus  relevant  parameters  can  be  checked  for  each  spectral  peak  produced.  The 
procedure,  however,  becomes  unmanagable  when  numerous  peaks  are  present  in  the  spectra. 

In  this  case  the  third  approach  is  adopted. 

(iii)  The  simulated  motion  is  Fourier  analysed  and  power  and  cross  spectra  generated  for 
comparison  with  the  real  data.  It  must  be  stressed  that  it  is  essential  to  generate 
these  spectra  averaged  over  many  trials  in  order  to  obtain  statistically  valid  results. 

An  application  of  this  approach  is  described  below. 

C.3  Application  of  the  program  to  the  simulation  of  Comet  data 

Two  simple  examples  of  the  application  of  the  simulation  to  the  environment  of  the 
parked  Comet  aircraft  are  presented  as  follows. 

(1)  The  motion  corresponding  to  two  peaks  in  the  x  accelerometer  power  spectrum 
(Fig  2.2)  have  been  simulated.  The  characteristics  of  the  two  peaks  in  question  are: 

(a)  centre  frequency  2.45  Hz,  0.1  Hz  half-power  bandwidth,  and  maximum 
height  1 0~6  g2/nz 

(b)  centre  frequency  3.055  Hz,  0.2  Hz  half-power  bandwidth,  and  maximum 
height  2  *  10“^  q^/Hz. 

The  simulation  results  have  been  averaged  over  100  trials  to  yield  a  normalised 
standai d  error  of  10  per  cent  in  the  resulting  power  spectra.  In  addition  each  trial 
represents  60  seconds  of  simulated  motion.  This  duration  is  chosen  to  ensure  adequate 
resolution  of  the  diqital  filter  used  to  estimate  the  spectrum  (see  Appendix  A).  The 
averaged  power  spectrum  of  the  simulated  motion  is  presented  in  Fig  9.  It  is  seen 
that  the  above  oarameters  are  simulated  correctly. 

(2)  In  the  second  example  the  2.45  Hz  peak  mentioned  above  has  been  simulated  in  the 
x  accelerometer  and  the  y  gyroscope  channels  according  to  the  spectra  and  coherence 
between  channels  as  detailed  in  Fig  2.  Thus  the  maximum  height  of  the  x  accelerometer 
and  y  gy  oscope  spectra  are  seen  to  be  10“6  g2/Hz  and  3.5  *  10-4  /s'v'Hz  respectively. 
Since  the  coherence  is  0.7  then  correlation  is  not  total  and  three  independent  sources 
f(t),  g(t)  and  c(t)  are  used  to  construct  the  simulated  motion.  Each  of  these  components 
has  centre  frequency  2.45  Hz,  half-power  bandwidth  0.1  Hz,  and  unity  maximum  height  in 
its  associated  power  spectrum.  The  x  accelerometer  motion  is  then  formed  as 

a  fft)  +  b|C(t),  and  the  y  goroscope  motion  as  a^glt)  +  b^cft). 

By  employing  the  techniques  detailed  in  section  fi.2.2,  one  possible  set  of  values 
for  the  constants  a  ,  ,  a^  and  ^>2  are  c^osen  as: 


4.36  * 

o 

1 

X* 

a  ^  =  9.0  -  1 0'4 

6.87  * 

1 

O 

a,  =  1.74  -  1  O'2 

A 

Employing  these  parameters,  the  value  for  the  Coherence  between  the  channels  for 
the  simulated  motion  is  found  *o  be  0.693  which  is  in  good  .. qrooment  with  Fig  2.3. 
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A  METHOD  FOR  MEASURING  TAKE-OFF  AND  LANDING  PERFORMANCE  OF  AIRCRAFT,  USING  AN  INERTIAL  CENSING  SYSTEM* 

by 

A.  Pool,  J.L.  Simons,  G.J.H.  Wensink  and  A.J.L.  Willekens 
National  Aerospace  Laboratory  NLR 
Ant.  noiiy  F’okkerwog  «? 
i  Ov  -  CM  K  jSTEKIjAM 
The  Netherlands 

SUMMARY 

The  STALINS  method  for  measuring  take-off  and  landing  trajectories  is  briefly  described  and  results 
of  flight  tests  made  in  1  U’S-dG  are  discussed.  The  method  now  meets  the  requirements  to  which  it  was 
designed,  and  a  few  improvements  in*  the  hardware  and  software  are  being  finalized.  The  method  is  expected 
to  be  ready  for  operational  use  in  the  course  of  1  ‘>8 1  • 

1  INTRODUCTION 

When  supplying  instrumentation  for  take--of  f  and  landing  measurements  to  Fokker  and  other  users,  the 
NLR  has  for  the  last  two  decades  relied  on  a  method  using  on-board  cameras.  In  this  method  (Ref.  ' ), 
called  the  R'.'BUT  method  after  the  make  of  the  cameras,  these  nose-mounted  cameras  take  pi  rures  of  the 
landing  lights  along  the  runway  at  a  rate  of  one  per  second.  The  data  processing  requires  th'»  reading,  or. 
each  picture,  of  the  positions  of  1  pairs  of  landing  lights.  A  computer  programme  then  calculates  the 
position  of  the  aircraft  relative  to  the  runway  in  i  co-ordinates,  and  the  *  attitude  ar.gl*-?.  Trc-s*'  iata 
are  combined  with  the  outputs  of  longitudinal  and  vertical  accelerometers  t  obtain  the  ground  speed  and 
*  h*'  forward  and  v-*r*.  ical  ace.  •  1  erat  ions  of  the  aircraft.  T die  method  has  been  very  reiiab.e,  tut  it  has 
important,  disadvantages  which  weigh  heavily  in  modern  flight  testing:  the  data  processing  \ especially  t  he 
film  reading'  is  very  •  im>-  •  mi-uni  rig  and  requires  much  manual  work ,  and  the  accuracy  is  marginal. 
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aircraft,  mainly  because  of  the  tilt  of  the  platform  due  to  the  Schuler  motion.  The  errors  can  be  quite 
large:  values  of  up  to  0.5  ®/ s  have  been  found  during  the  tests,  which  would  result  in  errors  of  up  to 
50  m  for  the  maximum  integration  times  of  100  s.  These  are  corrected  by  subtracting  from  all  values  of 
VNS  and  VEW  the  velocity  recorded  during  standstill  immediately  before  a  take-off  or  immediately  after  a 
landing.  The  automatic  integration  is  based  on  these  corrected  values  of  the  measured  velocities.  The 
detection  of  the  periods  of  standstill  and  the  determination  of  the  values  of  the  speed  corrections  are 
done  automatically. 

For  the  exact  determination  of  the  speed  correction  three  problems  are  of  importance: 

-  The  rate-of-change  of  the  velocity  error  may  reach  values  of  TxlO"1*  m/s2,  which  could  cause  errors  of 
3-5  m  in  an  integration  over  100  seconds. 

-  In  the  Litton  system  the  speeds  are  presented  in  discrete  steps  of  about  0.04  m/s,  so  that  for  the  long 
integration  times  of  100  s  an  error  of  4  m  in  the  distance  could  result. 

-  If  the  aircraft  does  not  come  to  a  complete  standstill ,  the  programme  may  not  find  a  value  of  the  veloc¬ 
ity  at  standstill  and  will  then  produce  no  trajectory  at  all  or,  if  the  aircraft  velocity  stabilizes  at 
a  constant  low  value  for  a  few  seconds,  it  may  use  that  value  and  produce  a  completely  wrong  trajectory. 

These  points  are  checked  in  the  second,  interactive  stage  of  the  computation  (see  section  4.4). 

Using  the  automatically  corrected  values  of  the  horizontal  velocities,  the  automatic  programme  then 
calculates  the  average  direction  of  motion  of  the  aircraft  during  the  ground  run.  The  corrected  horizontal 
velocities  are  then  transformed  to  velocities  along  that  direction  and  perpendicular  to  it,  and  these  are 
integrated  to  give  the  distances  along  the  runway  and  perpendicular  to  it.  During  the  manual  second  stage 
of  the  computation  the  calculated  average  direction  of  motion  is  checked  against  the  geographical  direc¬ 
tion  of  the  runway. 


4.3.2  Height 

The  basic  problem  with  height  measurement  using  an  inertial  system  is  that  the  vertical  kinematic 
velocity  of  the  aircraft  must  be  determined  from  a  very  small  difference  between  two  large  quantities:  the 
measured  vertical  acceleration  and  the  acceleration  of  gravity.  In  order  to  achieve  \he  required  accuracy 
over  a  long  integration  period  (100  seconds),  this  difference  must  be  determined  to  an  accuracy  of  the 
order  of  3x10~5  m/s2  (3x10~6  g).  Such  an  accuracy  is  difficult  to  achieve:  it  is  better  than  can  be 
expected  from  the  specification  of  the  accelerometer  and  may  in  many  cases  be  better  than  the  accuracy 
with  which  the  local  acceleration  of  gravity  can  be  obtained. 

In  the  STALINS  method  a  different  approach  is  therefore  used.  The  value  of  "zero  vertical  kinematic 
velocity"  is  determined  separately  during  each  ground  run.  On  a  completely  horizontal  runway  this  can  be 
done  by  averaging  the  measured  vertical  acceleration  over  the  longest  possible  period  during  which  the 
aircraft  is  on  the  ground  and  the  lift  is  small,  i.e.  during  standstill  and  the  ground  run  until  pitch  up. 
For  the  Litton  system  this  is  done  as  follows:  the  vertical  velocity  output  (IVA  =  integral  of  vertical 
acceleration)  is  integrated  over  the  above-mentioned  part  of  the  ground  run  and  then  the  best  quadratic 
curve  is  fitted  through  the  data  points  by  a  least-squares  method.  If  this  parabola  is  subtracted  from  the 

integral  of  IVA  for  the  ground  run,  the  result  will  be  that  the  calculated  height  during  the  ground 

becomes  zero  on  the  average.  The  same  correction  is  applied  during  the  airborne  part  of  the  trajectory. 

If  the  runway  is  not  completely  horizontal,  a  correction  is  applied  during  the  automatic  processing, 
using  a  height  profile  of  the  runway  that  must  have  been  stored  in  the  computer  beforehand.  In  order  to  be 
able  to  apply  that  correction,  the  position  of  the  aircraft  along  the  runway  must  be  known.  This  is  not 
given  by  the  calculation  described  in  section  4.3.1,  which  gives  only  the  relative  distance  from  the  point 
of  standstill.  The  relation  between  the  runway  co-ordinate  and  the  relative  distance  obtained  by  integra¬ 
tion  is  established  by  recording  on-board  the  aircraft  the  time  at  which  the  aircraft  passes  a  fixed  point 
on  the  runway.  This  is  done  by  the  RASP  system  developed  by  the  NLR,  which  radiographically  defines  a 

plane  surface  perdendicular  to  the  runway  centre  line.  The  moment  at  which  the  aircraft  passes  this  plane, 

produced  by  an  antenna  on  the  ground,  is  recorded  in  the  aircraft.  A  description  of  an  older  version  of 
the  RASP  system  is  given  in  reference  4;  the  present  RASP  system  uses  the  same  principle  but  has  appre¬ 
ciably  smaller  ground  antennas. 

Before  the  height  integration  process  is  started,  a  Coriolis  correction  must  be  applied  to  IVA. 


4.4  Calculation  -  manual  interactive  stage 
4.4.1  Basic  principle 

It  has  been  found  that  the  automatic  data  processing  described  above  gives  reasonably  good  results  in 
a  majority  of  cases.  It  has  been  found,  however,  that  considerable  improvement  of  the  results  can  be 
achieved  if  further  checks  are  done  and  corrections  are  applied.  These  have  not  been  incorporated  in  the 
first  stage  of  the  calculation  because  they  would  increase  the  complexity  of  the  programme  very  much  and/or 
because  a  qualified  human  operator  can  reach  the,  often  complex,  decisions  much  more  quickly.  It  does 
introduce  a  more  or  less  arbitrary  element  in  the  otherwise  automatic  processing,  but  it  is  possible  to 
give  specific  rules  to  the  operator  for  those  cases  which  have  been  encountered  before.  In  case  of  unknown 
errors,  it  is  of  great  advantage  to  have  a  human  operator  in  the  line.  In  the  computer  programme,  measures 
have  been  taken  to  make  all  necessary  information  readily  available  to  the  operator  at  a  computer  termiral, 
and  to  make  it  possible  for  the  operator  to  intervene  and  introduce  new  values  at  all  necessary  points  in 
the  computation. 

The  final  rules  for  this  manual  stage  have  not  yet  been  established  completely,  anc.  they  may  have  to 
be  adapted  as  further  experience  accumulates.  Below  only  the  main  correction  procedures  are  discussed. 
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U.lt.2  Horizontal  distances 

The  main  checks  on  the  horizontal  distances  are  derived  from: 

-  A  comparison  of  the  calculated  "runway  direction"  with  the  actual  runway  direction, 

-  "Schuler  curves"  which  are  obtained  by  plotting  the  velocity  values  measured  during  standstill  for  the 
whole  flight  (see  figures  1  and  2), 

-  A  comparison  between  the  distance  between  two  RASP  antennas  as  calculated  by  the  programme  with  the 
actual  distance  between  these  two  antennas.  For  this  purpose  a  second  RASP  antenna  must  be  used,  in 
addition  to  the  one  mentioned  in  section  k.3.2. 

For  the  measurement  of  the  distance  along  the  runway  the  comparison  between  the  runway  directions  is 
relatively  unimportant,  as  the  effect  of  a  small  error  in  the  angle  is  small.  It  may,  however,  give  an 
indication  that  the  computer  has  chosen  a  wrong  fit  interval  (which  is  also  used  in  the  height  calcula¬ 
tion).  In  the  rare  cases  where  distances  perpendicular  to  the  runway  must  be  determined,  it  is  a  very 
important  check.  Moreover,  it  provides  a  check  on  possible  drift  in  the  North  direction  of  the  platform. 

The  main  check  on  the  distance  along  the  runway  is  the  comparison  of  the  RASP  distance.  The  tests 
have  shown  that  the  calculated  RASP  positions  are  accurate  to  about  ±  0.5  m  if  the  aircraft  is  on  or  near 
the  ground  when  it  passes  the  antenna.  In  order  to  obtain  the  highest  possible  accuracy  from  this  check, 
the  antennas  should  be  as  far  apart  as  possible. 

If  a  difference  between  calculated  and  actual  RASP  distance  occurs,  it  will  usually  be  due  to  the 
error  sources  mentioned  in  section  ii.3.I.  The  first  error  type  listed  there  will  cause  a  velocity  error 
that  changes  at  about  a  constant  rate  (acceleration  error),  the  other  two  will  cause  a  constant  velocity 
error.  With  a  single  pair  of  RASPs  it  cannot  be  determined  which  type  of  error  occurs.  The  acceleration 
error  can  be  determined  from  the  "Schuler  curves"  mentioned  above.  The  "Schuler  curves"  for  the  Bretigny 
tests  are  shown  in  figures  1  and  2.  It  will  be  seen  that  the  curve  does  not  show  the  smooth  shape 
obtained  during  bench  tests  and  has  a  rather  large  amplitude.  This  i3  partly  due  to  the  quantization  error 
(+  0. Ol  m/s)  of  the  individual  velocity  values,  but  also  to  the  effect  of  aircraft  manoeuvres  during  the 
tests.  As  the  acceleration  is  relatively  small  (order  of  7x10_1*  m/s  maximum),  the  correction  is  only 
significant  during  long  measuring  runs  and  even  there  only  in  those  parts  of  the  Schuler  curve  where  high 
rates  of  change  occur. 

If  the  acceleration  error  has  been  corrected  or  is  insignificant,  the  remaining  difference  in  the 
comparison  must  be  due  to  a  constant-velocity  error  or  to  the  inaccuracy  (±  0.5  m)  of  the  RASP  measure¬ 
ments  themselves. 


U.U.2  Height  measurement 

The  main  checks  on  the  height  measurement  are  derived  from: 

-  A  comparison  between  successive  values  of  the  calculated  "acceleration  of  gravity",  i.e.  the  coefficients 
of  the  square  term  of  the  fitted  parabola. 

-  A  comparison  between  the  calculated  height  and  the  height  according  to  a  radio  altimeter  which  is  used 
as  part  of  the  standard  STALINS  equipment. 

The  analysis  has  shown  that  in  the  majority  of  cases  the  automatic  processing  of  the  data  provides  a 
height  error  which  is  well  within  the  requirements  of  section  2.  It  also  shows  that  the  calculated  accel¬ 
eration  of  gravity  is  very  sensitive  to  imperfections  in  the  calculated  heights.  A  graph  of  the  successive 
values  of  the  acceleration  of  gravity  will,  therefore,  indicate  errors,  e.g.  caused  by  spurious  pulses 
during  the  ground  run  (where  they  most  affect  accuracy)  or  by  incorrect  choice  of  the  fit  interval  by  the 
computer. 

When  it  was  decided  to  use  a  radio  altimeter  for  an  overall  check  on  the  height  measurement,  it  was 
thought  that  this  would  provide  a  very  firm  basis  of  comparison,  and  that  a  mathematical  procedure  could 
be  developed  to  automatically  determine  the  most  probable  height  profile.  To  a  certain  extent  this  expec¬ 
tation  was  not  fulfilled,  because  the  radio  altimeter  showed  a  number  of  errors  which  make  its  interpreta¬ 
tion  difficult: 

-  Before  and  behind  the  runway  it  follows  the  ground  profile,  which  is  usually  not  flat  and  may  be  differ¬ 
ent  for  successive  runs  of  similar  nature  because  of  small  differences  in  ground  track. 

-  This  problem  is  aggravated  by  the  fact  that  different  surfaces  (e.g.  concrete  and  grass)  have  a  signif¬ 
icant  effect  on  the  calibration  of  the  radio  altimeter. 

-  When  the  roll  angle  of  the  aircraft  differs  significantly  from  zero,  the  radio  altimeter  does  not  give 
the  height  above  the  ground  because  of  the  limited  width  of  the  antenna  cone.  This  may  again  be  aggra¬ 
vate!  by  changes  from  concrete  to  grass.  Similar  errors  occur  when  the  pitch  angle  changes. 

-  The  radio  altimeter  used  showed  brief  periods  in  which  is  went  into  "memory"  and  brief  spikes.  These 
complicate  automatic  processing,  but  are  reasonably  simply  recognized  by  a  human  observer. 

-  The  calibration  near  the  ground  up  to  a  few  metres  is  nonlinear  and  is  sensitive  to  pitch  effects.  This 
is  being  investigated  in  more  detail. 

These  effects  cause  problems  in  an  automatic  data  processing,  but  can  be  well  understood  by  a  hums  i 
operator,  especially  if  he  handles  a  series  of  similar  runs.  When  used  in  this  way,  the  radio  altimeter 
can  provide  a  very  useful  check  on  the  height  calculation. 


5  DISCUSSION  OF  THE  RESULTS 


5.1  Horizontal  distances 

For  the  tests  at  Bretigny  the  distances  along  the  runway  calculated  by  STALINS  were  compared  with 
those  measured  by  the  STRADA  laser  theodolite.  As  mentioned  above,  STRADA  showed  errors  of  up  to  5  m  over 
roughly  1200  m  in  the  centre  of  the  runway.  This  error  reproduced  roughly,  but  not  exactly,  as  a  function 
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of  the  distance  along  the  runway.  It  was  found  to  be  possible  to  construct  a  "most  probable  error”  line 
along  the  runway.  A  "most  probable  correction"  was  constructed,  which  is  thought  to  be  correct  within 
±  1  m. 

The  STALINS  values  were  first  calculated  by  the  automatic  programme  and  the  differences  with  the 
"corrected"  STRADA  were  plotted.  In  many  cases  the  differences  were  small,  but  in  some  cases  differences 
of  up  to  10  metres  occurred.  After  application  of  the  acceleration  correction  derived  from  the  "Schuler 
curves",  the  speed  errors  calculated  from  the  RASP  distance  were  sill  within  the  quantization  step  in  the 
speed  (0.0U  m/s).  When  the  speed  correction  based  on  the  two  RASPs  was  also  applied,  the  differences 
between  the  STALINS  distances  and  the  corrected  STRADA  distances  were  all  within  1  metre.  This  showed  that 
the  requirements  of  section  2  were  met. 

The  landing  measurements  at  Ypenburg  were  operational  measurements  made  with  the  ROBOT  cameras.  The 
STALINS  equipment  was  added  to  obtain  additional  experimental  information.  The  results  have  not  yet  been 
fully  analyzed,  but  they  seem  to  confirm  the  conclusions  drawn  from  the  Bretigny  measurements.  These 
operational  tests  provided  a  few  new  insights  which  can  be  important  for  future  applications: 

-  The  tests  were  made  in  several  groups  of  a  few  measuring  runs  with  relatively  long  periods  (15  minutes 
cr  more)  between  successive  runs  in  the  same  group.  These  long  periods  between  runs  were  partly  caused 
bj  the  fact  that  the  measurements  were  high-energy  landings,  after  which  the  brakes  had  to  be  cooled  in 
the  air,  partly  by  interference  from  other  traffic.  It  was  found  that  it  was  not  possible  to  reconstruct 
the  "Schuler  curves".  This  was,  in  this  case,  not  a  large  drawback  because  the  time  period  from  50  ft 
height  to  standstill  was  relatively  short  (less  than  50  seconds)  so  that  the  "acceleration"  correction 
was  small.  Corrections  only  based  on  a  constant-speed  error  gave  reasonably  good  results. 

-  The  distance  between  the  RASP  antennas  was  relatively  short  (300  m,  against  1000  m  at  Bretigny).  This 
resulted  in  less  accuracy  in  the  RASP  check*  In  future  measurements  the  distance  between  the  RASP 
antennas  should  be  as  large  as  possible. 

-  During  several  landings  the  aircraft  did  not  come  to  a  complete  standstill.  In  some  such  cases  the  auto¬ 
matic  programme  did  not  find  a  sufficiently  long  period  of  standstill  and  did  not  give  results  at  all. 

In  other  cases,  however,  the  aircraft  speed  stabilized  long  enough  at  a  low  value  for  the  automatic 
programme  to  detect  a  "standstill".  Then  wrong  horizontal  distances  were  calculated  which  were,  however, 
detected  by  the  RASP  check. 


5.2  Height 


The  tests  at  Bretigny  were  conducted  with  the  vertical  channel  modified  by  Litton.  During  the  data 
processing  it  was  found  that  in  all  landings  and  RTOs  the  acceleration  had  exceeded  the  new  range  of  0-2  g 
and  that  no  trajectory  could  be  calculated.  Further  investigation  showed  that  the  exceedance  had  occurred 
when  the  aircraft  was  already  on  the  ground  and  strong  braking  was  applied.  The  cause  was  a  high-frequency 
(18  Hz)  fuselage  vibration  which  exceeded  the  measuring  range,  in  general  only  once  during  a  very  brief 
time  period.  But  this  provided  a  completely  wrong  height  trajectory,  which  could  not  be  corrected. 


Typical  results  of  the  take-off  measurements  at  Bretigny  are  shown  in  figures  3  and  1 .  Figure  3  shows 
the  difference  between  the  height  according  to  the  radio  altimeter  and  the  height  calculated  from  STALINS 
(transformed  to  the  same  point  on  the  aircraft)  against  time;  figure  U  shows  the  difference  in  heights 
according  to  STRADA  and  STALINS.  The  oscillation  just  before  the  aircraft  reached  a  height  of  1 1  m  in 
figure  3  does  not  occur  in  figure  U.  It  occurs  in  a  similar  way  for  all  flights  and  must  be  interpreted  as 
an  error  of  the  radio  altimeter,  caused  by  a  non-linearity  in  its  calibration  at  low  heights  that  was  not 
taken  into  account  during  the  data  processing  and  by  the  sudden  pitch-up  of  the  aircraft.  If  this  part  is 
smoothed,  both  figures  show  that  the  error  in  the  STALINS  calculation  is  well  within  the  requirements  of 
section  2  in  the  critical  range  up  to  11  m  altitude.  Beyond  that  both  figures  show  a  slight  increase  in 
the  difference  to  about  0.5  m  at  an  altitude  of  65  m  ( 1 UU20  seconds  in  the  graph).  The  steeper  increase 
in  figure  3  beyond  that  point  is  due  to  turning  of  the  aircraft  roughly  at  the  end  of  the  runway. 


The  results  of  the  Ypenburg  tests  are  still  being  investigated.  For  the  majority  of  the  runs  figures 
similar  to  those  obtained  at  Bretigny  are  found.  For  a  few  runs  the  differences  of  the  STALINS  altitude 
with  both  the  radio  altimeter  and  the  ROBOT  altitude  are  larger.  These  are  still  being  investigated,  but 
it  seems  likely  that  spurious  pulses  may  have  occurred  there.  They  are  clearly  detected  by  the  second- 
stage  criteria  (comparison  cf  accelerations  of  gravity  and  comparison  with  radio  altimeter)  and  can  be 
corrected  on  the  basis  of  that  information. 


6  CONCLUDING  REMARKS 


Although  the  reference  methods  against  which  STALINS  was  compared  did  not  have  the  surplus  in  accu¬ 
racy  that  one  would  have  liked,  the  results  of  the  tests  described  in  this  report  provide  strong  evidence 
that  the  STALINS  method  described  in  this  paper  meets  the  requirements  specified  in  section  2. 


Negotiations  with  the  manufacturer  of  the  inertial  system  are  now  under  way  to  find  optimal  perform¬ 
ance  of  the  system  even  when  high  vibrations  are  present.  It  seems  likely  that  some  improvement  can  be 
achieved. 


The  computer  programme  is  being  finalized,  so  that  it  will  provide  the  information  required  for  the 
second  stage  of  data  processing  in  an  optimum  way. 


The  system  is  expected  to  be  fully  operational,  with  delivery  of  trajectory  data  within  2b  hours,  in 
the  course  of  1981. 
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Fig.  3  Difference  between  height  according  to  the  radio  altimeter  and  STALINS  for  a 
take-off  at  Bretigny 
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MICROWAVE  SYSTEM  FOR 
REAL  TIME  SPACE  POSITION  MEASUREMENT 
W.  J.  Irwin 
The  Boeing  Company 
Seattle,  Washington  USA 


SUMMARY 


This  paper  discusses  a  Microwave  Airplane  Position  System  (MAPS)  for  measuring  the 
space  position  of  a  flight  test  airplane  and  time-correlating  this  position  with  other 
varying  test  parameters.  Operational  range  is  normally  within  10  km  of  the  test  range 
or  runway. 

A  number  of  microwave  transmi tter/recei ver  (T/R)  units  are  located  at  surveyed 
coordinates  in  an  optimum  ground  pattern.  Airborne  equipment  includes  an 
i nterroga+or,  digital  processor,  data  storage  units,  pilot's  guidance  indicators  and  a 
quick  look  engineering  station. 

The  airborne  system  interrogates  each  ground  T/R  in  serial  fashion  and  computes  slant 
range  and  range  rate  from  the  response.  The  computer  performs  position  calculations  in 
real  time  using  a  high  speed  Kalman  filtering  algorithm.  Data  are  tape  recorded, 
displayed  to  test  engineers,  and  used  to  drive  panel  instruments  which  allow  the  pilot 
to  follow  a  specific  flight  profile. 

INTRODUCTION 


Background 

In  flight  testing  there  are  many  conditions  where  the  three-dimensional  position  of 
the  airplane  and  its  derivatives  with  respect  to  time  are  important  parameters.  About 
a  dozen  tests  of  this  nature,  performed  at  low  speed  and  altitude  and  close  to  an 
airport,  are  routine  in  any  major  test  program. 

for  many  years  we  have  determined  position  by  using  tracking  phototheodol i tes  and 
specialized  airDorne  camera  systems.  In  particular.  The  Boeing  Company's  forward 
looking  and  down-looking  camera  systems  achieve  2 <r  accuracies  from  about  +3  meters 
down  to  +1/3  of  a  meter,  depending  upon  the  test  conditions.  Accurately  surveyed 
ground  targets  are  required;  three  or  four  must  be  visible  in  each  film  frame  before 
the  camera  position  can  be  computed.  Sophisticated  calibration,  reading  and 
corrective  techniques  are  necessary  to  obtain  accurate  data.  Weather  and  ambient 
lighting  often  hinder  testing.  The  data  processing  and  analysis  are  slow,  and  the 
waiting  time  is  costly,  particularly  if  data  turns  out  to  be  unsatisfactory. 

There  is  a  great  need  for  (1)  real  time  guidance  information  to  assist  the  pilot  in 
performing  his  tasks;  (?)  quick  look  engineering  information  onboard  the  test  aircraft 
to  determine  if  the  test  objectives  are  being  met;  and  (3)  rapid  turn-around  on  final 
data.  These  requirements  can  be  met  only  with  an  electronic  ranging  and  data 
processing  system  operating  in  real  time  during  the  test. 

Methods  investigated  as  possible  candidates  for  an  upgraded  position  measuring 
capability  included  the  use  of  inertial  systems,  radar  and  laser  trackers  with  air  to 
ground  telemetry,  and  several  forms  o'  microwave  distance  measuring  equipment.  The 
conclusion  was  that  a  microwave  system,  using  a  combination  of  ground-based  and 
airborne  components,  including  an  airborne  minicomputer,  *ould  best  meet  the 
particular  requirements. 

Today,  noise  testing  is  a  significant  factor  in  programs  to  upgrade  current  engines  and 
aircraft.  It  will  be  very  important  in  certifying  the  767  and  757  models.  Noise 
testing  has  been  the  stimulus  for  allocating  Boeing  funds  and  manpower  to  the 
development  of  an  advanced  space  positioning  system.  Initially  the  emphasis  is  on 
meeting  the  requirements  for  noise  testing  under  Federal  Air  Regulation  Part  36  (FAR 
36).  However,  during  design  of  the  new  system,  the  higher  accuracy  requirements  and 
special  problems  of  performance  testing  have  been  anticipated. 

General  Requirements 

Boeing  Flight  Test  wanted  the  following  in  a  system. 

1)  Ai+  transportable  on  short  notice  in  the  test  airplane  to  any  of  several  distant 
locations. 

2)  Quick  deployment  without  special  alignment  or  calibration. 

3)  Independence  from  ambient  lighting  or  crew  visibility. 
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4)  No  modification  of  airplane  structure  or  production  systems  which  belong  to  a 
customer . 

5)  No  externally  mounted  components  which  affect  aircraft  performance. 

6)  Data  provided  within  a  10  km  radius  and  a  3  km  height  from  a  test  site  (which  need 
not  necessarily  be  an  airport  runway). 

7)  Digital  data  output  recorded  on  magnetic  tape  for  post-flight  analysis. 

8)  Real-time  guidance  displays  for  the  cockpit  crew. 

9)  Real-time  engineering  data  in  the  aircraft  for  onboard  decision  making  during 
testing. 

10)  A  summary  display  immediately  after  completing  a  test  condition,  showing  time- 
correlated  space  position  and  other  aircraft  and  engine  performance  parameters. 

11)  Telemetry  of  selected  summary  data  to  a  ground  station  for  merging  with  ground- 
based  measurements. 

12)  Accuracy  at  least  sufficient  to  meet  the  position  tolerances  for  noise  testing  per 
FAR  36. 

13)  System  to  be  fully  evaluated  and  operational  before  the  767  aircraft  certification 
program,  scheduled  to  begin  in  the  Fall  of  1981. 

14)  Hardware  calibration  and  maintenance,  and  data  base  maintenance,  to  be  performed 
in  the  Seattle  Flight  Test  Center,  without  dependence  on  remote  base  facilities. 

Noise  Testing 

FAR  36  specifies  how  compliance  with  aircraft  noise  limits  will  be  demonstrated. 
Without  going  into  detail,  the  conditions  can  be  summarized  as  follows  (see  Figure  1): 

1)  Take-off  overhead  noise  at  a  microphone  6500  meters  from  brake  release  on  the 

extended  runway  centerline.  Simulated  take-offs  are  made  from  low  level  passes; 
after  rotation  at  a  predetermined  point,  climb  is  at  constant  airspeed. 

2)  Sideline  noise  at  four  or  more  microphone  stations  450  meters  on  either  side  of  the 
runway  in  the  region  of  greatest  noise.  Level  fly-by's  are  used. 

3)  Approach  overhead  noise  at  a  microphone  2000  meters  from  the  threshold  on  the 

extended  runway  centerline.  A  3  deg.  +1/2  deg.  approach  is  flown  at  constant 

thrust  and  airspeed. 

Weather  is  restricted  per  FAR  36  with  respect  to  temperature,  humidity,  precipitation, 
wind  and  turbulence.  At  test  sites  from  300  to  3000  miles  from  home  base,  the  weather 
window  will  be  open  only  for  a  limited  time;  perhaps  for  several  days,  or  sometimes  for 
less  than  one  hour  every  day.  This  is  why  a  highly  mobile  system  is  needed;  ground 
transportation  of  tracking  equipment  to  remote  sites  is  impractical  in  this  kind  of 
testing. 

Interim  System 

To  gain  experience  with  DME  equipment,  Boeing  acquired  an  interim  microwave  radar 

system  in  1978  for  evaluation.  This  is  a  pulsed  system  using  five  ground  transponders, 
with  an  interrogator  and  distance  measuring  unit  (DMU)  in  the  test  airplane. 

The  master  unit  in  the  airplane  interrogates  each  transponder  in  fixed  sequence  and 
determines  the  slant  distance  from  the  time  delay  of  the  return  pulse.  Ranges  are  tape 
recorded  and  also  processed  in  an  airborne  computer  using  a  three-sphere  solution 
algorithm  to  compute  airplane,  x,  y,  and  z  space  coordinates.  This  experience  has 
produced  the  following  results. 

1)  Evaluation  of  the  Inherent  hardware  limitations  of  magnetron  pulsed  radar. 

2)  Verification  of  computer  studies  of  accuracy  requirements. 

3)  Evaluation  of  various  transponder  arrays. 

4)  Development  of  Interface  equipment  for  the  recording  system. 

5)  Development  of  application  programs  for  processing  data  in  flight. 

6)  Demonstration  of  the  need  for  more  sophisticated  methods  of  real  time  calibration 
and  wave  velocity  correction,  and  for  faster  algorithms  for  computing  velocity  and 
position. 
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7)  Pilot's  experience  with  a  display  of  computed  dl stance-to-go .  Requirements  were 
established  for  vertical  and  lateral  guidance  instruments. 

The  interim  equipment  did  not  have  enough  accuracy  or  growth  potential  for  further 
development,  so  a  specification  was  written  for  a  more  advanced  system.  The  Cubic 
Corporation  was  selected,  based  on  competitive  bids,  to  develop  a  new  system  called 
MAPS.  The  system  has  not  been  delivered  yet,  so  this  paper  can  only  discuss  how  it  is 
Intended  to  work.  After  experience  is  gained  in  testing  over  the  next  year  or  so, 
perhaps  there  will  be  a  subject  for  another  paper. 

SYSTEM  DESCRIPTION 


Airborne  Data  System 

MAPS  has  a  stand-alone  capability,  but  as  normally  used  it  will  interface  with  a  High 
Speed  PCM  System  (HSPCM)  and  with  an  Airborne  Data  Analysis/Monitor  System  (ADAMS),  as 
shown  in  Figure  2.  To  the  rest  of  the  data  system,  MAPS  looks  like  any  group  of 
digital  transducers.  Its  timing  is  controlled  by  the  HSPCM  system,  its  output  is 
recorded  on  magnetic  tape  and  is  immediately  available  to  ADAMS  for  further  processing 
and  display.  Its  pilot's  indicators  provide  position  information  in  real  time  for 
controlling  the  aircraft's  flight  path. 

The  HSPCM  system  is  a  serial,  ten-bit  system;  two  adjacent  words  can  be  used  for  data 
requiring  more  than  ten  bits.  The  sampling  rates  and  sequence  are  programmable  in  the 
Remote  Multiplexer  Digitizing  Unit  (RMDU).  A  data  cycle  is  200  msec;  during  this  time 
all  channels  are  sampled  sequentially  and  data  is  serially  output  and  recorded  on 
magnetic  tape.  At  the  end  of  each  cycle  the  RMDU  outputs  an  end-of-cycle  (EOC)  pulse. 
This  is  transmitted  to  MAPS  for  timing  purposes,  along  with  inhibit  and  clock  pulses  to 
enable  the  transfer  of  data  out  of  the  MAPS  buffer  for  recording. 

The  ADAM  System  obtains  its  inputs  either  directly  from  the  PCM  data  stream  or  from  a 
read-head  on  the  flight  tape  transport.  ADAMS  has  its  own  Rolm  1666  computer  and 
applications  programs  for  various  purposes.  With  respect  to  MAPS,  its  task  is  to 
interpolate  between  adjacent  time-correlated  space  position  samples  to  calculate  the 
exact  time  at  a  specified  target,  such  as  over  a  microphone,  to  merge  this  data  with 
related  engine  and  airplane  parameters,  and  to  produce  summary  data  for  decision 
making  immediately  after  a  test  condition.  Output  devices  are  CRT  screens  and  a  high 
speed  line  printer.  Summary  data  can  be  edited  and  telemetered  to  the  ground. 

MAPS  System 

Battery  powered  transponders  with  omni-directional  antennas  are  placed  at  surveyed 
ground  points  in  an  optimized  array.  A  set  of  Cartesian  coordinates  with  a  designated 
origin  is  defined  with  respect  to  the  array.  The  airborne  equipment  consists  of  an 
interrogator ,  omn i - d i rec t i onal  antenna,  distance  measuring  unit  (DMU),  Rolm  1666 
computer  and  accessories,  floppy  disk,  keyboard/CRT,  high  speed  printer,  and  guidance 
instruments  in  the  pilot's  panel. 

The  RF  tracking  equipment  is  based  on  Cubic’s  CR-100  precision  ranging  system,  which 
has  been  produced  for  more  than  a  decade.  Modifications  have  optimized  the  hardware 
for  the  MAPS  application.  It  is  a  frequency  modulated  carrier  wave  system  which  uses 
phase  shift  on  the  return  of  four  harmonically  related  modulation  tones  to  measure 
range,  and  the  Doppler  shift  of  the  carrier  frequency  over  the  round  trip  path  to 
determine  range  rate  as  each  transponder  is  serially  interrogated.  A  small  cross¬ 
dipole  antenna  in  a  7  cm  high  fiberglass  radome  on  the  bottom  of  the  fuselage  handles 
the  two-way  communication. 

Each  transponder  has  a  unique  identification  code  and  responds  only  when  queried. 
Under  computer  control  the  interrogator  calls  one  transponder  at  a  time  at  intervals  of 
25  milliseconds.  This  provides  40  samples  per  second,  or  typically  5  samples  per 
second  from  each  of  eight  transponders.  The  PCM  data  format  can  handle  up  to  19 
transponders ,  and  only  three  to  six  transponders  per  data  cycle  are  required  to  obtain 
tracking  solutions,  so  there  is  considerable  flexibility  and  growth  in  the  system. 

The  interrogator,  after  sending  a  specific  transponder  identifier,  superimposes  a  com¬ 
posite  of  four  modulating  tones  on  the  carrier  during  part  of  the  25  millisecond 
interval.  Each  transponder,  upon  recognizing  its  ID,  turns  on  and  retransmits  the  same 
tones  on  a  shifted  carrier.  Back  in  the  airplane,  the  returned  signals  are  demodulated 
and  frequency  components  are  compared.  After  a  settling  time,  the  slant  range  is 
measured  as  a  function  of  phase  lag  in  the  returned  modulation  tones.  Range  rate  is 
averaged  by  clocking  the  carrier  frequencies  over  a  short  time  interval  to  determine 
the  Doppler  shift.  The  half  wave  length  of  the  fine  tone  is  51.2  meters;  dividing  this 
with  a  ten  bit  digital  phasemeter  gives  a  range  resolution  of  +5  cm.  Similar  treatment 
of  the  other  tones,  all  related  in  frequency  by  a  factor  of  1"8,  provides  a  continuous 
encoded  range  out  to  210  km  without  ambiguities.  Overlapping  bits  provide  data  quality 
checks  and  the  effect  of  bit  errors  is  siitall,  since  only  the  six  least  significant  bits 
out  of  the  22  bit  range  word  are  not  redundant  or  subject  to  limit  checking. 
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The  digital  output  of  range  rate  has  a  resolution  of  +9  mm/second  and  a  maximum  value 
of  288  meters/second. 

For  each  interrogation,  the  output  to  the  Rolm  computer  is  a  block  of  seven  parallel 
16-bit  words  containing  transponder  ID,  data  quality  indicators,  raw  range  and  range- 
rate,  time  since  EOC,  and  other  parameters.  MAPS  timing  is  normally  based  on  receiving 
an  EOC  pulses  at  200  millisecond  intervals;  however,  for  stand-alone  operation  in  the 
absence  of  these  pulses,  it  has  the  capability  of  generating  its  own  timing  signals. 
MAPS  calibrates  itself  at  set  intervals  by  dropping  one  interrogation  and  using  that  25 
milliseconds  to  measure  its  internal  time  delays.  The  total  delay  is  converted  to  an 
equivalent  range  correction  and  applied  to  all  range  measurements  until  the  next 
calibration  cycle.  This  procedure  eliminates  errors  from  drifts  in  the  airborne 
transmit/receive  circuits. 

The  airborne  Rolm  1666  computer  in  MAPS  is  identical  to  the  one  in  ADAMS.  Inter¬ 
changeable  components  simplify  spares,  maintenance  and  allow  hardware  to  be  used  on 
other  aircraft  when  MAPS  is  not  in  use.  Equipment  mounts  in  standard  19-inch  racks. 
The  processor  has  64K  words  of  memory.  The  computer  operates  under  Data  General 
Corporation's  Real  Time  Operating  System  (RTOS).  Peripherals  include  a  Boeing- 
designed  keyboard,  17-inch  CRT,  Miltope  floppy  disk,  and  Datametr i cs  line  printer. 
Under  system  control,  the  software  consists  of  routines  for  initialization,  space 
position  solutions,  flight  path  processing,  equipment  failure  reporting  and  interrupt 
handling.  Figure  3  illustrates  the  interfacing  of  the  computer  with  other  equipment. 

The  pilot's  display  consists  of  a  digital  indicator  showing  distance  to  go  in  meters  to 
a  designated  point  on  the  programmed  flight  path,  plus  an  analog  instrument,  similar  to 
an  Instrument  Landing  System  (ILS)  indicator,  where  moving  bars  show  lateral  and 
vertical  deviations  from  the  intended  path.  Sensitivity  or  scale  of  both  indicators 
can  be  changed  by  keyboard  command.  The  update  rate  of  the  digital  display  also  is  a 
keyboard  variable.  These  instruments  allow  the  pilot  to  fly  the  airplane  on  a 
predetermined  3-D  flight  profile,  knowing  his  position  within  a  small  volume  at  all 
times.  Figure  4  shows  these  indicators. 

The  transponders  are  rugged,  low  power  devices  operating  from  two  12-volt  automobile 
or  motorcycle  batteries.  They  are  placed  at  surveyed  points  and  left  unattended.  Low 
power  drain  during  stand-by,  and  the  short  "ON"  time  when  interrogated,  allow  several 
days  between  battery  charges.  The  coordinates  of  each  transponder  are  entered  in  the 
data  base.  Transponders  are  located  to  give  maximum  space  position  accuracy  for  a 
particular  test.  For  example,  z  or  height  above  the  ground  is  most  accurate  when  the 
airplane  is  directly  above  a  transponder;  x  and  y  coordinates  of  the  airplane  are  most 
accurate  when  ranges  from  two  transponders  at  90  degrees  are  measured.  Thus,  a  common 
array  for  noise  testing  is  a  line  of  transponders  underneath  the  flight  path  with  one 
outrigger  well  off  to  one  side,  as  shown  in  Figures  5A  and  6.  Other  configurations 
have  also  been  tested.  The  shape  of  the  z  error  curve  is  illustrated  in  Figure  7. 

The  primary  data  outputs  from  MAPS  are  the  computed  x,  y,  z  coordinates  of  the  airplane 
antenna  as  a  function  of  time.  Raw  range  and  range  rate  have  to  be  corrected  for 
calibration  factors  and  atmospheric  index  of  refraction.  Then  the  corrected  values 
are  processed  to  obtain  space  position  coordinates  which  are  displayed  in  real  time  to 
the  pilot  and  test  engineers.  They  also  are  recorded  on  the  flight  tape  along  with 
data  quality  bits,  raw  range  and  range  rate  words,  and  time  since  EOC.  Since  EOC 
pulses  and  I R  T G  time  also  are  recorded,  MAPS  data  can  be  time  correlated  with  other 
measurements,  and  it  also  can  be  reconstructed  later  by  processing  raw  data  in  a 
ground-based  computer  if  desired.  During  a  data  cycle,  as  data  from  each  transponder 
is  processed,  it  is  stored  in  the  output  buffer  as  seven  ten-bit  words.  At  the  end  of 
the  cycle  the  latest  airplane  x,  y,  z  coordinates  and  the  corresponding  time  from  EOC 
are  recorded  in  a  similar  block.  Space  position  coordinates  are  output  once  per  data 
cycle,  or  five  times  per  second. 

MAPS  software  has  four  modes  of  operation.  Mode  switching  is  by  keyboard  command  or  in 
some  cases  is  automatic. 

1)  Initialization  mode  includes  start  up,  loading  the  data  base  into  the  CPU  from  the 
floppy  disk,  making  modifications  to  the  data  base,  and  confirming  system 
operabi 1 1 ty . 

2)  Preflight  mode  allows  ground  testing  before  flight,  including  exercising  the 
pilot's  instruments. 

3)  Flight  Operational  mode  is  the  normal  mode  for  calculating  airplane  position. 
Certain  criteria  determine  the  algorithm  to  be  used.  Normally  in  flight  a  Kalman 
filter  routine  is  used  to  perform  a  position  solution  every  25  milliseconds, 
updating  the  solution  after  each  transponder  is  interrogated.  A  Kalman  filter 
uses  weighted  values  of  previous  state  parameters  (position  and  velocity 
components)  to  predict  new  staff  values  at  the  next  sample  time.  Then  at  that  time 
the  measured  values  are  compared  to  the  prediction,  and  the  estimate  is  updated. 
The  state  parameters  are  carried  along  at  40  updates  per  second  with  only  small 
corrections  and  small  errors.  However,  the  Kalman  filter  requires  reasonable 
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initial  data  from  which  to  begin  predicting.  To  Initialize  the  filter,  the 
software  first  selects  the  best  transponders  based  on  availability,  quality  of 
their  response,  and  best  geometry.  It  then  performs  a  crude  estimate  of  aircraft 

position  using  a  least  square  algorithm  involving  three  transponder  ranges 

extrapolated  to  a  common  time  (see  Figure  8).  After  a  number  of  iterations  to  form 

an  improving  estimate  of  position,  a  linear  fit  is  constructed  through  the  settled 

data  to  give  an  initial  position  and  velocity.  During  this  process  initial  values 
for  terms  of  the  position  and  velocity  error  covarience  matrices  are  determined. 
Then  the  Kalman  filter  is  started  and  the  solution  converges  rapidly  to  minimize 
the  errors;  the  whole  process  takes  only  a  few  seconds.  This  procedure  allows  MAPS 
to  start  or  restart  the  position  algorithm  from  any  position  on  the  range  with  no 
prior  knowledge  of  the  aircraft  position.  It  also  is  automatical ly  followed  if  the 
airplane  is  on  the  ground  and  the  filter  algorithm  cannot  obtain  a  solution  until  a 
sufficient  altitude  is  reached  to  give  the  proper  geometry. 

4)  Ground  tracking  is  a  fourth  mode  which  allows  the  Kalman  filter  to  be  used  with 
fixed  z  and  zero  vertical  velocity.  The  filter  then  estimates  and  updates  only  in 
x  and  y.  This  mode  allows  precise  tracking  of  the  aircraft  during  take-off, 
refused  take-off  and  other  ground  operations. 

SYSTEM  EVALUATION 


MAPS  should  be  delivered  to  Boeing  with  static  testing  completed  by  the  end  of  this 
year.  Dynamic  testing  on  an  airplane  will  begin  early  next  year.  There  is  no  method 
of  determining  the  true  position  of  an  airplane  in  flight,  and  MAPS  should  be  as  good 
as,  or  better  than,  any  other  instrumentation  with  which  it  can  be  compared.  There¬ 
fore,  evaluation  will  have  to  be  statistical,  comparing  position,  velocity  and 
acceleration  data  derived  from  MAPS,  INS  and  IRS,  photo  theodolite,  radio  altimeter, 
Doppler  radar,  accelerometers  or  other  available  sources.  Before  the  767  flight  test 
program  begins,  MAPS  should  be  fully  evaluated,  and  accepted  for  noise  certification. 

Error  analyses  predict  root  sum  square  errors  ( 1 <S“)  of  +0.16  meter  for  range  and  +0.008 
meter/second  for  range  rate.  The  accuracy  of  the  computed  x,  y,  z  coordinates  depends 
upon  how  the  geometry  of  the  array  amplifies  these  errors.  Using  two  properly  located, 
well  separated  transponders ,  x  and  y  accuracy  of  this  magnitude  can  be  achieved.  The 
same  is  true  for  z  when  the  airplane  is  directly  over  a  transponder.  The  error  in  z  is 
a  strong  function  of  the  elevation  angle  of  the  slant  range  vector;  however,  with 
proper  spacing  of  transponders,  and  switching  based  on  optimum  geometry,  z  error  can  be 
controlled  with  acceptable  limits  for  a  given  test. 

Error  analyses  include  the  estimated  effects  of  resolution,  stability,  phase  jitter, 
velocity,  acceleration,  multipaths,  timing,  signal  strength,  temperature,  atmospher i c 
index  of  refraction,  and  array  geometry.  They  indicate  that  the  accuracy  requirements 
for  noise  testing,  shown  in  Figure  9,  should  be  met  with  no  difficulty  at  altitudes 
above  60  meters. 

SYSTEM  APPLICATION 


The  first  application  of  MAPS  will  be  for  noise  testing.  The  goal  is  to  make  it  the 
sole  source  of  space  position  data,  eliminating  the  present  photo  theodolite  equipment 
from  these  tests. 

Application  to  certain  performance  tests  will  be  investigated  as  time  allows.  The 
ground  operating  mode  designed  into  MAPS  will  allow  it  to  provide  data  during  take-off 
roll,  refused  take-offs,  landing  roll,  thrust  reverser  tests,  minimum  ground  control 
speed  tests,  rollout  drag  tests,  etc.  Airborne  applications  can  include  low  altitude 
static  source  calibrations,  and  approaches  including  mu  1 ti -segmented  profiles. 
Special  techniaues  and  arrays  will  aid  in  expanding  its  capability  as  experience  is 
gained. 

CONCLUSION 


In  conclusion,  MAPS  is  expected  to  provide  real  time  position  information  which  will 
facilitate  the  completion  of  noise  testing.  It  also  has  potential  applications  in 
performance  testing.  It  will  aid  the  crew  in  flying  the  desired  test  conditions,  and 
before  the  aircraft  lands  they  should  know  if  the  test  objectives  have  been  met.  By 
reducing  reflights,  higher  utilization  of  test  airplanes  should  be  possible,  and  costs 
should  be  reduced.  If  the  expected  accuracy  of  MAPS  is  achieved,  it  will  provide  a 
significant  improvement  over  the  camera  systems  now  ir  use. 
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Figure  4.  Pilot  Guidance  Instruments 
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PRACTICAL  ASPECTS  OF  INSTRUMENTATION  INSTALLATION  IN  SUPPORT  OF  SUBSYSTEM  TESTING 


Robert  W .  Borek 

NASA  Dryden  Flight  Research  Center 
P .  O .  Box  273 
Edwards,  California  93523 
U.  S.  A. 


SUMMARY 

Two  topics  pertaining  to  the  practical  aspects  of  instrumentation 
installation  are  discussed .  First ,  some  of  the  problems  associated  with 
using  military  specification  MIL-W-5088H  as  a  guideline  for  wire  gage 
selection  are  discussed .  Examples  of  proper  use  of  this  specification  as 
a  criterion  for  interfacing  wire  bundles  and  connectors  are  provided . 

The  second  topic ,  which  is  discussed  more  briefly ,  is  a  technique 
developed  for  NASA  known  as  sneak  analysis .  The  quantitative  results 
of  22  projects  that  have  used  this  technique  are  reviewed,  and  examples 
of  sneak  analysis  are  given . 


1.0  INTRODUCTION 

Instrumentation  system  installation  has  many  practical  aspects;  this  paper  is  limited  to  a  discussion  of  two 
topics  related  to  practical  installation  design . 

Experience  at  the  NASA  Dryden  Flight  Research  Center  has  shown  that  the  guidelines  used  to  assist  in  the  deter¬ 
mination  of  wire  sizes ,  connectors ,  and  resulting  wire  bundle  sizes  require  a  thorough  understanding  before  being 
used.  An  example  of  one  such  guideline  is  military  specification  MIL-W-5088H  (Ref.  1) ,  which  concerns  the  wiring 
of  aerospace  vehicles .  This  paper  provides  some  of  the  information  that  would  be  helpful  in  using  this  document . 

Failures  in  aircraft  and  aerospace  vehicle  instrumentation  systems  must  not  affect  the  safety  of  the  aircraft  or 
its  crew ,  and  for  this  reason  the  systems  and  subsystems  must  be  very  carefully  interfaced .  One  of  the  tech¬ 
niques  used  to  review  interface  designs  is  referred  to  as  sneak  analysis .  Sneak  analysis  is  the  other  major  topic 
of  discussion  in  this  paper . 


2.0  AEROSPACE  VEHICLE  WIRE  GAGE  SELECTION 

Various  specifications  govern  the  installation  of  instrumentation  systems  in  military  aircraft .  However , 
military  specification  MIL-W-5088 ,  entitled  "Wiring ,  Aerospace  Vehicle ,"  probably  has  more  influence  than  any 
other.  This  specification  was  initially  published  in  March  1951 ,  superseding  specification  AN-W-14a,  which  was 
issued  in  May  1945 .  The  specification  outlines  the  selection  and  routing  of  wiring  used  in  aerospace  vehicles 
and  was  intended  to  establish  a  design -selection  criterion  for  basic  aerospace  vehicle  wiring.  In  the  30  years 
since  its  inception ,  sufficient  wire  bundle  information  has  been  incorporated  in  this  specification  to  permit  its 
use  as  a  guide  for  instrumentation  installation .  The  document  is  the  basis  for  most  of  the  tables  that  list  the 
continuous  duty  current-carrying  capacity  for  single  wires  and  wire  bundles  used  in  aerospace  vehicles . 

However .  more  information  than  is  usually  provided  by  such  tables  or  by  excerpts  from  this  military  specifica¬ 
tion  is  necessary  for  the  proper  utilization  of  the  document .  The  material  below  gives  some  of  the  information 
that  would  be  helpful  in  using  the  military  specification  . 

2.1  Use  of  MIL-W-5088H  in  Wire  Gage  Selection 

Any  wire  carrying  current  in  an  aerospace  vehicle  electrical  system  must  satisfy  two  basic  criteria:  it  must 
be  able  to  carry  the  required  current  without  overheating ,  and  it  must  carry  the  required  current  without  great¬ 
er  than  specified  voltage  drops.  Both  of  these  criteria  can  be  met  by  selecting  the  proper  wire  size  for  the  stated 
maximum  current.  The  wiring  table  shown  in  Figure  1,  which  is  taken  from  MIL-W-5088H  (the  version  of 
MIL-W-5088  published  in  July  1979) ,  was  prepared  for  the  guidance  of  the  engineers  and  technicians  responsible 
for  selecting  electrical  wiring .  However ,  this  table  departs  from  the  wire  current  rating  tables  shown  in  previous 
versions  of  this  military  specification ,  and  it  fails  to  mention  all  the  information  necessary  to  its  proper  use . 

First,  the  table  no  longer  applies  to  single  wires;  second,  the  basis  for  ampere  rating  is  different,  as  explained 
in  footnote  2;  and  third,  the  issuance  fails  to  mention  that  the  specified  wire  sizes  are  AN  (aircraft  number) 
designations,  the  size  designations  used  for  military  aircraft  (Ref.  2).  The  omission  is  important,  because,  as 
shown  by  the  following  discussion ,  this  gage  designation  is  susceptible  to  confusion  with  AWG  (American  wire 
gage)  designations  (Ref.  3). 

The  differences  between  the  two  gage  designations  are  illustrated  by  Table  1,  which  is  based  on  Reference  4. 
First,  AWG  sizes  pertain  only  to  solid  wires.  However,  stranded  wiring  is  often  referred  to  as  being  "AWG 
equivalent"  in  size.  The  difficulty  is  that  there  are  variations  in  the  circular  mil  area  of  the  wires  so  designated. 
(In  Table  1 ,  the  AN  wire  gages  alluded  to  in  MIL-W-5088H  are  identified  by  asterisks.  In  this  paper,  only  the 
remaining  wiring  is  referred  to  as  "AWG  equivalent.") 

To  avoid  confusion ,  most  wire  manufacturers  include  stranding  characteristics  or  circular  mil  area  or  both 
in  addition  to  wire  size .  The  importance  of  this  practice  is  shown  by  a  comparison  of  Tables  1  and  2:  the  sizes 
listed  in  Table  2  as  AWG  sizes  would  more  accurately  be  referred  to  as  AN  sizes. 

The  important  thing  is  that  based  on  circular  mil  Brea  the  current-carrying  capacity  of  a  wire  of  a  given 
AN  gage  is  not  the  same  as  that  of  a  wire  with  the  same  AWG  designation.  Table  1  shows  that  AN  wire  sizes  22,  20. 


and  18  have  a  greater  circular  mil  area  than  either  AWG  solid  or  AWC  equivalent  wiring.  Further,  AN  wire 
size  16  has  less  circular  mil  area  than  either  the  AWG  solid  or  AWG  equivalent  wiring.  These  variations  are  also 
reflected  in  the  outer  diameter  and  weight  of  each  wire  gage.  Since  MIL-W-5088H  is  based  on  AN  gage  size,  it 
is  imperative  that  wiring  identified  according  to  AN  gage  size  be  used . 

2.2  Use  of  MIL-W-5088H  in  Wire  Selection  and  Bundling 

In  order  to  illustrate  the  use  of  MIL-W-5088H  as  a  design  guideline,  applicable  figures  from  this  document 
have  been  reprinted  in  this  section . 

The  current  rating  for  a  single  wire  in  free  air  (that  is ,  a  stranded  AN  gage  wire)  is  shown  in  Figure  2 
(Fig .  4  in  MIL-W-5088H)  .  For  clarity  ,  only  wire  sizes  AN  24  to  AN  6  are  shown  (wire  sizes  4  to  4/0  have  been 
omitted) .  The  figure  relates  wire  current-carrying  capacity  in  amperes  to  environmental  and  wire  temperature 
ratings  as  measured  at  sea  level . 

Current  derating  curves  for  wire  bundles  are  shown  in  Figure  3  (Fig.  5  in  MIL-W-5088H) .  This  is  the  first 
complete  bundle  derating  graph  to  appear  in  this  military  specification.  Before  this  issuance  (H) ,  bundle  loading 
was  fixed  at  20  percent .  This  graph  includes  40 ,  60 ,  80 ,  and  100  percent  loading  and  has  increased  the  usefulness 
of  the  specification . 

The  current  derating  curve  for  altitude  is  shown  in  Figure  4  (Fig.  6  in  MIL-W-5088H) .  The  altitude  informa¬ 
tion  as  shown  here  has  been  augmented  to  include  altitude  in  kilometers . 

The  following  two  examples  illustrate  the  use  of  these  figures.  For  the  first  example,  assume  that  a  wire 
bundle  consisting  of  12  AN  20  gage,  200°  C  (392°  F)  rated  wires  are  to  operate  at  an  ambient  temperature  of  25°  C 
(77°  F)  at  an  altitude  of  3  kilometers  (10,000  feet).  For  example  2,  assume  an  ambient  temperature  of  110°  C  (230°  F) 
and  an  altitude  of  15.2  kilometers  (50,000  feet) .  Further  assume  that  all  12  wires  will  be  operating  at  maximum 
capacity .  MIL-W-5088H  can  be  used  to  determine  the  maximum  current  capacity  of  the  wire  bundle  for  both  alti¬ 
tudes  as  follows . 

(a)  For  both  examples,  the  first  step  is  to  derate  the  wiring  for  ambient  temperature.  Refer  to  the  appropriate 
curve  in  Figure  2  to  determine  the  difference  between  the  manufacturer's  wire  rating  and  ambient  temperature,  AT. 
For  example  1 , 

AT  =  200«  C  -  25°  C  =  175°  C  (347°  F) 

For  example  2 , 

AT  =  200°  C  -  110°  C  =  90°  C  (194°  F) 

Therefore  the  free  air  ratings  of  AN  20  gage  wire  are  28  amperes  for  example  1  and  20  amperes  for  example  2 . 

(b)  The  next  step  is  to  derate  the  wiring  for  bundling  effects.  Bundle  derating  curves  are  shown  in  Figure  3. 
The  100  percent  loading  curve  is  used,  because  each  wire  is  to  carry  its  maximum  loading.  Locate  12  on  the 
abscissa  (since  12  wires  are  being  used);  the  derating  factor  is  0.53. 

(c)  Now  derate  the  wire  using  the  0.53  factor.  For  example  1, 

28  amperes  X  0.53  =  14.8  amperes 

For  example  2 

20  amperes  X  0.53  =  10.6  amperes 

(d)  The  wire  bundle  must  then  be  derated  for  altitude .  Refer  to  the  altitude  derating  curve  in  Figure  4. 

For  example  1,  the  derating  factor  for  3  kilometers  (10,000  feet)  is  0.92.  For  example  2,  the  derating  factor 
for  15.2  kilometers  (50,000  feet)  is  0.71.  To  derate  the  wire  bundle  for  altitude,  apply  these  derating  factors  to 
the  current  values  determined  in  (c)  above.  For  example  1, 

14.8  amperes  X  0.92  =  13.6  amperes 

For  example  2 , 

10.6  amperes  X  0.71  =  7.5  amperes 

(e)  The  total  bundle  current  capacity  for  example  1  is  then 

13.6  amperes  X  12  =  163  amperes 

The  current  capacity  for  the  same  bundle  under  the  conditions  set  for  example  2  is 

7  .5  amperes  X  12  =  90  amperes 

These  examples  show  the  magnitude  of  the  difference  in  the  amount  of  current  the  same  wire  bundle  can  carry 
In  selecting  wire  size,  the  instrumentation  engineer  may  choose  to  design  for  the  worst  case  condition  (example  2) 
or  for  specific  flight  conditions  (example  1). 

In  examples  1  and  2,  both  the  size  and  the  number  of  the  wires  in  the  installation  were  specified  and  sup¬ 
porting  calculations  were  made  to  determine  the  maximum  current  capacity  of  the  wire  bundle.  If  the  results  had 
been  unsatisfactory,  new  calculations  using  a  different  wire  size  would  have  been  required. 
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The  order  in  which  the  calculations  are  made  is  reversed  for  situations  where  a  required  current  is  known . 
If  9.0  amperes  instead  of  7.5  amperes  of  current  were  required  per  wire  under  the  same  conditions  and  with  the 
same  wiring  installation  as  in  example  2  above  (12  AN  20  gage  wires  at  an  ambient  temperature  of  110°  C  (230°  P) 
and  an  altitude  of  15.2  kilometers  (50,000  feet)),  the  only  design  change  possible  would  be  to  alter  the  bundle 
derating  factor .  The  only  way  to  alter  this  factor  would  be  to  separate  the  wires  into  two  or  more  bundles , 
reducing  the  number  of  wires  per  bundle .  To  find  the  maximum  number  of  wires  for  a  single  bundle,  take  the 
following  steps: 

(a)  Determine  the  free  air  rating  of  AN  20  gage  wire.  For  a  AT  of  90°  C  (194°  F)  ,  the  rating  is  20  amperes. 

(b)  Derate  the  value  in  (a)  by  the  altitude  derating  factor  as  follows: 

20  amperes  X  0.71  =  14.2  amperes 

(c)  Then,  since  the  bundle  size  is  unknown ,  use  the  current  value  thus  determined  and  solve  for  the  bundle 
derating  factor  that  results  in  9.0  amperes: 

14.2  amperes  X  Derating  factor  =  9.0  amperes 


Then 

9  0 

Derating  factor  =  ^2^.  =  0.63 

A  0 . 63  bundle  derating  factor  permits  only  eight  wires  in  a  bundle  under  these  conditions .  At  this  point 
it  might  seem  reasonable  to  use  the  initial  design  of  12  conductors ,  but  the  wiring  can  be  separated  into  two 
bundles  and  then  recombined  at  the  connector  into  a  bundle  of  12.  This  may  or  may  not  be  a  good  idea,  however, 
since  the  interfacing  connector  must  also  be  rated  as  a  wire  bundle  equivalent . 


3.0  CONNECTOR  SELECTION  CRITERIA 

When  flight  test  instrumentation  is  installed  or  modified ,  the  wiring  already  existing  in  the  aircraft  is  often 
used.  Therefore,  connector  selection  must  be  based  partially  on  the  interface  with  the  existing  subsystem. 

MIL-W-5088H  is  careful  to  point  out  that  the  current  ratings  in  Figure  1  cannot  be  directly  applied  to  connector 
contacts .  The  military  specification  can  be  and  often  is  used  as  a  design  aid ,  however ,  and  many  connector 
manufacturers  publish  connector  data  accordingly  (as  shown  in  Fig.  5,  from  Ref.  5) .  One  of  the  problems  asso¬ 
ciated  with  correlating  connector  and  wiring  specifications  through  the  use  of  this  military  specification  iB  that 
updated  versions  of  the  specification  may  be  difficult  to  apply  to  designs  based  on  earlier  versions  of  the  speci¬ 
fication  .  For  example ,  the  maximum  current  ratings  and  test  current  values  shown  in  Figure  5  cannot  be  easily 
correlated  with  the  current  ratings  shown  in  MIL-W-5088H,  although  they  can  be  directly  correlated  with  the 
ratings  in  MIL-W-5088E  and  earlier  issuances. 

Nevertheless,  the  connector  manufacturer's  approach  is  correct  in  that  it  considers  the  effects  of  the  wire 
bundling  in  rating  the  connector .  In  effect ,  a  connector  converts  all  of  the  wires  routed  through  it  into  a  bundle , 
particularly  if  the  contact  density  is  high  (Ref.  6).  Thus,  all  of  the  factors  that  limit  bundle  configuration  should 
also  be  considered  in  selecting  a  connector . 

To  assist  engineers  and  designers  in  the  choice  of  connector ,  connector  manufacturers  usually  provide 
design  criteria  like  the  time-temperature  curves  shown  in  Figure  6  (Ref.  7) .  Figure  6  shows  the  time  and  temper¬ 
ature  limits  of  a  connector  designed  to  operate  at  high  temperatures .  The  shell  size  is  12  and  the  contacts  are 
AN  20  gage.  Although  the  information  shown  represents  operation  at  sea  level,  the  manufacturer  states  that  the 
connector  will  operate  satisfactorily  at  altitudes  greater  than  18.3  kilometers  (60,000  feet).  That,  in  addition  to 
the  fact  that  the  temperature  curve  limits  are  based  on  a  connector  contact  temperature  of  239°  C  (462°  F)  permits 
the  information  in  MIL-W-5088H  for  wire  bundles  to  be  used  to  evaluate  the  connector.  If  the  connector  is  assumed 
to  be  equivalent  to  a  wire  bundle ,  the  effects  of  the  dielectric  block  in  which  the  contacts  are  positioned  should  be 
considered  equivalent  to  the  characteristics  of  the  wire  insulation .  In  the  following  discussion ,  the  conditions 
specified  for  example  2  discussed  above  (an  ambient  temperature  of  110°  C  (230°  F)  at  an  altitude  of  15.2  kilometers 
(50,000  feet))  and  MIL-W-5088H  are  used  to  evaluate  the  connector. 

As  shown  previously  ,9.0  amperes  can  be  continuously  routed  through  a  wire  bundle  of  eight  AN  20  gage 
wires  at  200°  C  (392°  F) .  The  question  to  be  answered  is  this:  if  eight  of  the  12  wires  in  the  connector  represented 
by  Figure  6  carry  9.0  amperes,  can  the  connector  tolerate  the  other  four  wires  carrying  7.5  amperes?  If  it  cannot, 
a  new  design  approach  will  be  necessary  for  the  connector. 

The  problem  may  be  approached  as  follows . 

(a)  Determine  the  single  wire  in  free  air  rating: 

AT  =  239°  C  -  110°  C  =  129°  C  (264°  F) 

From  Figure  2,  obtain  the  current  rating  of  a  size  20  wire  for  a  AT  of  129°  C  (264°  F) .  The  resulting  rating 
is  24  amperes . 

(b)  Refer  to  Figure  3  (the  bundle  derating  curve)  and  derate  the  connector  (wire  bundle)  for  100  percent 
loading.  The  derating  factor  for  12  contacts  (wires)  is  0.53. 

(c)  Now  derate  the  free  air  rating  from  (a)  by  the  bundle  derating  factor  found  in  (b): 


24  amperes  X  0.53  =  12.7  amperes 
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(d)  The  connector  (wire  bundle)  must  now  be  derated  for  altitude .  From  the  altitude  derating  curve ,  the 
derating  factor  for  IS. 2  kilometers  (50,000  feet)  is  0,71. 

(e)  Derate  the  connector  (wire  bundle)  using  the  bundle  derating  current  value  from  (c)  and  the  altitude 
derating  factor  from  (d): 


12.7  amperes  X  0.71  =  9.0  amperes 

The  9.0  amperes  from  (e)  indicate  that  each  of  the  contacts  in  the  connector  can  continuously  carry  9.0  amperes. 
Thus ,  the  connector  can  easily  tolerate  eight  wires  carrying  9 . 0  amperes  and  four  wires  carrying  7 . 5  amperes . 

One  further  point  may  be  of  interest .  From  the  calculations  in  example  2 ,  the  bundle  current  capacity 
at  15.2  kilometers  (50,000  feet)  for  a  110°  C  (320°  F)  ambient  temperature  is  90  amperes.  The  90  amperes  can  be 
distributed  in  any  way  deemed  desirable  as  long  as  the  individual  wire  current  capacity  is  not  exceeded ,  and  as 
long  as  the  concentration  of  high-current  wiring  does  not  cause  uneven  connector  overheating.  For  example,  10 
wires  could  carry  9.0  amperes  each,  or  six  wires  could  carry  9.0  amperes  each  and  six  wires  could  carry  6  amperes 
each .  In  either  case  the  total  is  90  amperes . 


4.0  DETERMINATION  OF  CABLE  BUNDLE  SIZE 

The  installation  of  instrumentation  and  its  wiring  usually  requires  the  fit  of  the  components ,  hardware ,  and 
cable  bundles  to  be  carefully  checked .  The  problems  associated  with  routing  wire  bundles  through  existing 
bulkhead  access  holes  and  areas  of  similarly  restricted  space  can  be  alleviated  if  the  size  of  the  wire  bundle  can 
be  estimated  when  the  design  is  still  on  paper .  The  following  formula  provides  a  useful  method  for  estimating 
wire  bundle  size  (Ref.  8)  .  The  estimate  is  made  as  follows: 

D  =  1.13  (dSl)172  (1) 


where 

D  diameter  of  bundle 

d  diameter  of  cable  or  wire 

N  total  number  of  wires  of  diameter  d  used  in  the  bundle 

A  common  type  of  cable  to  which  this  calculation  may  be  applied  is  a  twisted- shielded  pair.  The  cross  section 
of  this  type  of  cable  is  oval  with  a  twist  rather  than  round ,  and  when  it  is  measured  for  the  value  d ,  two  values 
result:  the  maximum  value  (in  this  example,  0.61  cm  (1.24  in.)),  and  the  minimum  value  (0.41  cm  (0.16  in.)). 

For  the  following  calculations  the  maximum  value  will  be  used . 

First,  let  N  be  40  (the  total  number  of  twisted- shielded  pairs)  and  let  d  equal  0.61  centimeter  (0.24  inch)  . 

Then 

D  =  1.13[(0.61)2  X  40] 1/2  cm 
=  1.13  X  3.86  cm 
=  4.36  cm  (1 . 72  in.) 

The  circumference  of  the  wire  bundle  would  be  xD ,  where  x  equals  3 . 14  and  D  equals  4 . 36  centimeters 
(1.72  inches)  .  The  calculated  circumference ,  3.14D,  equals  13.7  centimeters  (5.4  inches).  The  measured 
circumference  equals  13.2  centimeters  (5.2  inches). 

The  formula  for  diameter  is  also  valid  for  bundles  of  mixed  wire  sizes .  Consider  a  wire  bundle  consisting  of 
wires  of  two  different  sizes,  0.14  centimeter  (0.054  inch)  and  0.61  centimeter  (0.24  inch).  There  are  25  wires  of 

2 

the  first  size  and  16  wires  of  the  second .  Then  the  diameter  of  the  bundle  is  the  total  of  the  d  N  values ,  as  follows: 

(0.14)2  X  25  =  0.49  cm2 
(0 . 61 ) 2  X  16  =  5.95  cm2 

2 

The  total  of  the  d  N  values  is  6.44  square  centimeters  (0.99  square  inch)  .  From  equation  (1) , 

D  =  1.13  (6 .44) 1/2  cm 
=  2.87  cm  (1.13  in.) 

The  calculated  circumference ,  3 . 14D ,  equals  9 . 0  centimeters  (3.6  inches) .  The  measured  circumference  equals  8 . 9 
centimeters  (3.5  inches). 


5.0  SNEAK  ANALYSIS 

Another  subject  of  concern  to  those  involved  in  instrumentation  is  the  increasing  complexity  of  aerospace 
vehicles  and  their  systems.  This  complexity  has  made  it  necessary  to  adopt  a  systematic  approach  to  the  verifica¬ 
tion  of  system  and  subsystem  interfacing. 
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One  such  approach  is  a  computer-aided  sneak  analysis  technique  developed  for  the  space  program  (Ref.  9) . 
Sneak  conditions  are  hidden  or  unrevealed  conditions  existing  in  electrical  designs  which  usually  appear  to  be 
satisfactory ,  but  may  under  a  given  set  of  conditions  prevent  a  desired  type  of  operation  or  invite  an  undesired 
type  of  operation.  Seven  sneak  conditions  are  described  below . 

Sneak  circuit  or  path:  An  unexpected  current  flow  path. 

Sneak  timing:  A  problem  that  at  an  unexpected  time  either  produces  or  prevents  a  flow  of  current,  thereby 
either  activating  or  inhibiting  a  function . 

Sneak  indicator:  An  indicator  that  displays  ambiguous  or  faulty  system  operating  conditions . 

Sneak  label:  An  ambiguous  or  abbreviated  label  that  may  result  in  operator  error. 

Sneak  procedure:  A  set  of  incomplete  or  poorly  written  instructions  that  may  result  in  improper  system 
operation . 

Drawing  error:  An  error  in  an  electrical  schematic  or  wire  list  or  a  discrepancy  between  the  two. 

Design  concern:  A  design  weakness ,  such  as  improper  or  inaccurate  redundancy  or  unnecessary  circuitry . 

The  sneak  conditions  listed  above  are  all  latent  problems  that  may  develop  immediately  or  long  after  initial 
system  operation .  Although  sneak  analysis  can  be  applied  to  any  electrical  system ,  it  is  most  cost  effective  to 
apply  it  to  subsystems  that  jeopardize  unique  or  costly  larger  systems. 

5 . 1  Quantitative  Results  of  Sneak  Analysis 

The  contribution  of  sneak  analysis  to  flight  safety  and  subsystem  interfacing  can  best  be  demonstrated  by 
comparing  the  different  types  of  sneak  conditions  quantitatively . 

Table  3  lists  the  results  of  sneak  analyses  that  were  performed  on  22  vehicles  or  systems.  Some  systems  were 
ground  based;  others  were  airborne ,  such  as  aircraft  and  missiles .  The  column  entitled  "combined"  consists  of 
five  types  of  sneak  conditions  (sneak  paths ,  sneak  timing ,  sneak  indicators ,  sneak  labels ,  and  sneak  procedures) . 
The  two  remaining  columns,  entitled  "design"  and  "drawing,"  complete  the  list  of  sneak  conditions  considered. 

A  comparison  of  the  values  in  the  three  columns  reveals  that  drawing  errors  are  by  far  the  most  common 
sneak  condition .  Drawing  errors  outnumber  other  sneak  conditions  in  14  of  the  22  systems  listed .  In  five  of  the 
eight  remaining  systems ,  drawing  errors  rank  second .  This  underlines  both  the  difficulty  and  the  importance 
of  completeness  and  accuracy  in  the  schematics  and  listings  used  to  describe  aircraft/instrumentation  system 
interfaces . 

The  network  tree  in  Figure  7  illustrates  a  problem  of  omission  encountered  during  the  development  of  a 
computer-aided  sneak  analysis .  Since  the  device  at  point  A  is  not  identified  and  its  circuitry  routing  is  not 
identified ,  it  is  designated  a  high  impedance  point  and  computer  analysis  stops .  If  similar  omissions  exist  in 
other  areas ,  the  documentation  for  the  overall  system  will  be  difficult  to  interpret .  This  type  of  error ,  which  in 
and  of  itself  may  be  considered  a  sneak  condition ,  also  prevents  the  circuitry  from  being  analyzed  for  other  types 
of  problems .  such  as  sneak  paths .  The  solution  to  the  problem  of  incomplete  documentation  is  obvious ,  but  docu¬ 
mentation  is  incomplete  for  most  instrumentation  installations . 

5 . 2  Examples  of  Sneak  Conditions  Revealed  by  Analysis 

Figures  8  to  14,  which  are  taken  from  References  9  and  10,  exemplify  different  types  of  sneak  conditions. 

Figure  8  shows  a  report  on  a  sneak  path.  The  condition  was  found  during  an  analysis  of  the  B-737  research 
support  flight  system .  The  sneak  path  would  have  allowed  the  28  volt  engage  interlock  bus  to  have  been  shorted 
to  a  ground  through  a  suppression  diode ,  which  in  turn  would  have  caused  the  relay  contacts  to  weld  together . 
locking  the  system  in  the  engage  mode . 

Figure  9  is  an  example  of  sneak  timing .  The  altitude  hold  switch  could  have  dropped  out  after  being  engaged . 

In  addition  to  being  a  design  concern ,  this  is  a  problem  of  timing  and  is  caused  by  the  normal  operation  of  break - 
before-make  contacts  in  a  relay .  The  problem  can  be  eliminated  by  changing  to  a  make-before- break  relay . 

Figure  10  shows  sneak  indicators.  A  ground  indication  falsely  indicates  that  four  relays  are  reset  when  only 
two  of  the  four  are  monitored  by  the  indicator .  This  problem  could  cause  a  ground  test  checkout  to  verify  a  cir¬ 
cuit  that  could  be  failed . 

Sneak  labels  are  shown  in  Figure  11.  The  sneak  label  is  on  a  telemetry  measurement  that  indicates  that  the 
right  landing  lights  are  on.  The  label,  however,  indicates  "landing  lights  on"  .  This  is  an  unmanned  aircraft, 
and  the  measurement  could  cause  the  operator  to  believe  that  all  landing  lights  are  on  when  only  the  right  landing 
lights  are  on . 

Figure  12  illustrates  a  sneak  procedure.  The  problem  involves  the  lost  carrier  check,  which  is  supposed  to 
be  performed  between  7  minutes  and  2  minutes  before  the  vehicle  is  launched .  If  this  check  were  to  be  performed . 
it  would  activate  the  timing  circuits  for  the  vehicle's  drag  ind  main  chutes.  This  would  cause  the  mission  to  be  lost. 

Figure  13,  from  Reference  10,  illustrates  a  drawing  error.  This  illustrates  the  problem  of  incomplete  documen¬ 
tation  .  Since  the  usage  of  the  wires  listed  is  unknown ,  each  is  assumed  to  be  open  ended . 

Figure  14  shows  a  sneak  design  concern.  Part  of  the  circuitry  of  a  flight  control  amplifier  is  shown.  If 
any  one  of  the  diodes  in  the  three-phase  input  power  fails ,  the  capacitors  used  in  the  circuit  would  fail . 
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6.0  CONCLUSIONS 

The  latest  issuance  of  military  specification  M1L-W-5088,  which  is  dated  July  1979,  has  made  it  possible  to 
design  wiring  bundles  and  to  select  compatible  electrical  connectors  for  instrumentation  systems  installed  in  air¬ 
craft  for  subsystem  testing.  However,  the  military  specification  must  be  used  carefully.  The  design  and  selection 
procedure  is  facilitated  by  the  use  of  a  simple  and  quick  method  of  determining  the  wire  bundle  diameter ,  which 
is  described . 

Since  the  interfacing  between  the  instrumentation  and  other  flight  systems  must  be  reliable  and  must  not 
affect  the  performance  of  other  systems ,  a  method  was  developed  to  detect  potential  flaws  in  the  performance  of 
the  instrumentation.  In  practice,  the  method,  which  is  known  as  sneak  analysis,  has  shown  drawing  errors  to 
be  the  most  common  source  of  error . 
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TABLE  1 .  -COMPARISON  OF  AN  AND  AWG  DESIGNATIONS 
[Ref.  4] 


AWG  solid  wire 

"AWG  equivalent"  stranded  wires 

Wire 

size 

Circular 
mil  area 

Approximate 
outer  diameter , 
cm  (in.) 

Stranding. 

number  of  wires  X  size 

Circular 
mil  area 

Approximate 
outer  diameter . 
cm  (in.) 

22 

640 

0.0643  (0.0253) 

7  X  30 

700 

0.076  (0.030) 

19  X  34* 

754 

0.079  (0.031) 

26  X  36 

650 

0.076  (0.030) 

20 

1020 

0.0813  (0.0320) 

10  X  30 

1000 

0.089  (0.035) 

19  X  32* 

1216 

0.094  (0.037) 

26  X  34 

1032 

0.091  (0.036) 

41  X  36 

1025 

0.091  (0.036) 

18 

1620 

0.1024  (0.0403) 

7  X  26 

1769 

0.122  (0.048) 

16  X  30 

1600 

0.119  (0.047) 

19  X  30* 

1900 

0.125  (0.049) 

41  X  34 

1627 

0.119  (0.047) 

•  * 

65  X  36 

1625 

0.119  (0.047) 

16 

2580 

0.1290  (0.0508) 

7  X  24 

2828 

0.152  (0.060) 

19  X  29* 

2426 

0.147  (0.058) 

26  X  30 

2600 

0.150  (0.059) 

65  X  34 

2580 

0.150  (0.059) 

105  X  36 

2625 

0.150  (0.059) 

•AN  size  referred  to  in  MIL  W  5088. 


TABLE  2.  -EXAMPLE  OF  AN  GAGE  WIRING  LISTED  AS  AWG 
[Ref.  4) 


MM 

Cw.tM 

Malm 

•»#C 

9m.fl a 

wt 

9a 

Nh 

Ant 

Dim.  (Iftdwt) 

OtMM/lOOO  ft 

Mm.  (iMtm) 

Lha/lM0fL 

22 

11064 

19.34 

755 

0033 

15  2 

086 

7.1 

20 

1 106  7 

19.32 

1216 

0041 

942 

096 

90 

18 

110610 

19.30 

\m 

0052 

603 

108 

12.1 

16 

110613 

19.29 

2  426 

0  060 

4.7  2 

116 

14  3 

14 

1106-16 

19.27 

3831 

0  074 

2  99 

141 

21.5 

12 

110619 

19.25 

6  088 

0093 

188 

160 

30  5 

10 

1106-72 

49.27 

9  880 

0128 

116 

194 

480 

8 

110625 

133.29 

16983 

0176 

0  70 

243 

75.0 

S 

110621 

133.27 

26.818 

0218 

0  436 

292 

1140 

4 

110631 

133.25 

42615 

0272 

0.274 

357 

1730 

TABLE  3.  SNEAK  ANALYSIS  DISTRIBUTION  FOR  22  SYSTEMS 


System 

Type  of  sneak 

Combined , 
percent 

Design . 
percent 

Drawing. 

percent 

1 

11.7 

60.3 

28.0 

2 

14.9 

0.5 

84.6 

3 

39.0 

29.0 

32.0 

4 

24.7 

53.4 

21.9 

5 

1 1  .3 

5.9 

82.8 

6 

11.5 

4.9 

83.6 

7 

10.0 

41  .4 

48.6 

8 

34  2 

15.8 

50.0 

9 

14.8 

7.9 

77.3 

10 

13.7 

2.2 

84.1 

1  1 

7.5 

10.0 

82.5 

12 

12  5 

50.0 

37.5 

13 

27.8 

16.7 

55.5 

14 

12.1 

0,8 

87.1 

15 

74.2 

11.9 

13.9 

16 

13  7 

23.9 

62.4 

17 

1 1  0 

4.0 

85.6 

18 

60  5 

18.5 

21 .0 

19 

97  0 

1  6 

14.0 

20 

7.5 

10.0 

82.5 

21 

3.7 

55.6 

40.7 

22 

25.0 

16.7 

58.3 

iA 


TEST  CURRENT 

Maximum  current  ratings  of  contacts  and  maximum  allowable  voltage 
drop  under  test  conditions  when  assembled  as  in  service  are  shown  below. 
Maximum  total  current  to  be  carried  per  connector  is  the  same  as  that 
allowable  in  wire  bundles  as  specified  in  MIL-W-5088. 


CURRENT  RATING  (MIL-C-5015G  test  method) 


CMtact  Sin 

Mm.  Currant 
Katins  (antpt) 

Taat  Currant 

fame*) 

Potential  Orop 
(millhralts) 

16 

22 

13 

50 

12 

41 

23 

50 

8 

73 

46 

25 

4 

135 

80 

14 

0 

245 

150 

12 

Figure  S.  Example  of  connector  contact  current  ratings 
referencing  MIL-W-5088  (Ref.  5) . 
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Figure  6.  Exposure  time  and  temperature  limitations  for  a  12  pin  connector  based  on  a 
contact  temperature  of  239°  C  (463°  F)  (Ref.  7) . 
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Figure  7.  Sneak  circuit  network  tree. 
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Figure  1  -  AFD  AND  FFD  ENGAGE  CONTROL  CIRCUITRY 


Figure  9.  Sneak  timing.  (Based  on  sneak  circuit  report  F-4C-4,  Ref.  9.) 
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Figure  10.  Sneak  indicator.  (Sneak  circuit  report  SSTTP-2,  Ref.  9.) 


Kename  existing  measurements  km  Lanai ng  Lignts  UN  ;  and  add  new  measurements 

for  "LM  Landing  Lights  On”.  Figure  1.  LANDING  LIGHTS  POWER  AND  CONTROL  CIRCUITRY 


SUMMARY  OF  SESSION  IV  -  INSTRUMENTATION  TECHNIQUES 


The  trends  indicated  in  instrumentation  are  toward  the  use  of  distributed  digital  systems 
and  microcomputers  and  therefore  to  the  installation  of  digital  data  busses.  These  trends 
have  certainly  been  stimulated  by  the  availability  of  the  small,  power-efficient,  rugged 
and  inexpensive  digital  components  but  they  have  also  been  necessitated  by  demands  for 
increased  data  rates  -  to  measure  increased  numbers  of  parameters  with  higher  frequency 
content.  Other  topics  which  receive  much  attention  are  the  installation  time  and 
flexibility  of  the  installed  system  and  real-time  data  analysis  or  at  least  shorter  turn¬ 
around  times. 

Examples  were  given  of  multiplexed  data  busses  in  an  advanced  fighter  configuration,  a  pro¬ 
grammable  multi-purpose  instrumentation  system,  and  the  impact  of  integrated  circuits  (mini 
and  microcomputers)  on,  for  example,  on-board  real-time  data  reduction.  An  airborne  system 
for  measuring  takeoff  and  landing  performance,  almost  fully  automatically,  using  an  iner¬ 
tial  sensing  system  was  discussed  and  a  multi-transponder  microwave  system  for  real-time 
position  measurement  of  an  aircraft  was  described.  Both  of  these  latter  systems  have  been 
developed  to  streamline  portions  of  the  data  reduction  process  during  civil  aircraft  cert¬ 
ification  flight  testing;  however,  each  will  require  validation  trials  before  it  will  be 
accepted  by  the  certifying  agencies. 

Finally,  the  importance  of  the  human  element  has  not  been  eliminated  by  these  more  "intel¬ 
ligent"  instrumentation  systems.  Much  of ' the  drudgery  can  be  removed  from  the  flight  test 
analyst's  job  but  he  must  still  make  intelligent  use  of  the  data. 

(During  this  Session,  the  FMP  Chairman  M.  Jean  Renaudie  presented  Flight  Mechanics  Panel 
AGARD  Plaques  to  Mr.  A.  Pool  of  the  Netherlands  National  Aerospace  Laboratory,  and 
Mr.  Kenneth  C.  Sanderson  of  the  United  States  and  formerly  with  the  NASA-Dryden  Research 
Center,  in  appreciation  of  their  work  on  AGARDograph  160  Flight  Test  Instrumentation  Series. 

Mr.  Ken  Sanderson  has  served  as  an  editor  for  the  Flight  Test  Instrumentation  Working  Group 
since  Spring  1975.  He  has  been  an  extremely  diligent  member  of  this  Working  Group  and  his 
services  will  be  sorely  missed.  Mr.  Sanderson  retired  from  NASA  in  June  1980  and  will  re¬ 
tire  from  the  Working  Group  in  April  1981. 

Mr.  Tony  Pool  has  served  as  the  European  Editor  for  the  Working  Group  since  its  inception 
in  1968.  He  was  also  a  contributor  to  Volume  IV  "Instrumentation  Systems"  of  the  AGARD 
Flight  Test  Manual  which  was  published  in  the  mid-1950s.  Mr.  Pool  has  agreed  to  continue 
as  an  editor  for  the  Flight  Test  Techniques  Series  which  is  just  getting  started. 

Messrs.  Sanderson  and  Pool  are  true  AGARDians.  Their  unselfish  devotion  and  many  hours 
of  night  and  weekend  work  are  sincerely  appreciated.) 
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SUMMATION  BY  THE  TECHNICAL  PROGRAMME  COMMITTEE 


The  overall  aim  of  the  symposium  was  to  review  the  current  status  of  aircraft  sub¬ 
system  flight  testing  technology.  Some  general  thoughts  which  have  been  provoked  by 
the  papers  and  discussion  in  relation  to  this  aim  are  expressed  in  this  final  summary. 

In  the  preface  it  was  noted  that  one  specific  objective  of  the  symposium  was  to  illus¬ 
trate  the  diversity  of  problem  and  solution  in  the  field  of  sub-system  testing.  Most 
certainly  this  has  been  achieved;  with  presentations  on  topics  ranging  from  micro¬ 
miniaturised  avionics  to  the  'heavy'  engineering  of  undercarriages  and  guns;  from  the 
impact  of  climatic  extremes  to  the  elusive  effects  of  electro-magnetic  radiation;  from 
test  techniques  and  instrumentation  facilities  of  sophisticated  complexity  to  those  of 
simple  elegance;  and  from  aircraft  to  helicopters. 

Embracing  this  variety,  the  four  main  subject  areas  of  the  symposium  may  be  recalled  - 

-  Navigation/Attack  Systems  Testing 

-  Aircraft  Systems  Testing 

-  Environmental  Testing 

-  Instrumentation  Techniques 

The  first  session  revealed  that,  from  a  pure  test  standpoint,  navigation  and  attack 
system  testing  procedures  are  well  defined  and  are  aided  by  modern  measurement  and  re¬ 
cording  equipment.  There  is  a  need  to  plan,  develop,  and  utilize  ground-based  simula¬ 
tions  prior  to  and  during  flight  testing  to  reduce  test  flying,  to  evaluate  failure 
modes  and  redundant  systems,  and  to  validate  changes  prior  to  flight.  For  both  types 
of  systems,  the  need  for  a  "global"  view  of  testing  emerged,  where  major  components  are 
treated  as  parts  of  a  total  system  rather  than  as  isolated  sub-systems. 

In  the  second  session,  test  and  instrumentation  techniques  for  evaluating  various,  un¬ 
related  sub-systems  were  presented.  These  techniques  emphasized  the  need  to  evaluate 
carefully  the  intended  use  of  the  sub-system,  then  prepare  a  test  technique  and  a  mea¬ 
surement  technique.  The  need  to  consider  the  electromagnetic  environment  of  the  sub¬ 
system  and  aircraft  was  noted  and  a  strong  point  was  made  that  electromagnetic  inter¬ 
ference  potentials  must  be  recognized  and  corrected  during  the  aircraft  design  stage. 
Methodologies  to  accomplish  reliability  and  maintainability  evaluations  during  initial 
testing  of  an  aircraft  were  presented.  Techniques  to  check  early  reliability  and  main¬ 
tainability  and  to  correct  defects  are  available,  but  fixes  are  usually  expensive. 

Session  III  disclosed  that  environmental  testing  has  achieved  considerable  maturity  and 
is  now  normally  regarded  as  an  essential  part  of  an  aircraft  development  program.  A 
number  of  environmental  test  capabilities  were  described  as  were  their  instrumentation 
systems.  Environmental  qualification  is  an  incremental  process  starting  with  design 
support  testing,  then  full  scale  simulated  environmental  testing,  and  finally,  natural 
environment  testing. 

The  final  session  showed  that  trends  in  instrumentation  are  toward  the  use  of  distribu¬ 
ted  digital  systems  utilizing  micro-computers  and  digital  data  buses.  The  trend  has 
been  stimulated  by  the  development  and  availability  of  small,  power  efficient,  rugged, 
but  inexpensive  digital  components.  Examples  were  given  of  airborne  systems  that  per¬ 
mit  on-board  real-time  data  reduction. 

Despite  the  varied  subject  matter,  one  common  theme  emerged  clearly  from  all  sessions. 

It  concerns  a  maturing  attitude  to  sub-system  development.  There  was  a  time  when  the 
flight  proving  of  sub-systems  was  commonly  regarded  as  almost  incidental  to  'mainstreanf 
aircraft  development  in  areas  such  as  flying  qualities,  structural  integrity  and  mission 
performance.  Sub-system  testing  was  often  merely  tolerated  on  a  ride-along  basis,  to 
be  tackled  in  depth  only  when  a  particular  system  gave  trouble.  By  contrast,  the  pre¬ 
sentations  of  this  symposium  have  repeatedly  demonstrated  that  sub-system  development 
is  now  approached  in  far  more  positive  fashion,  and  with  deeper  engineering  concern. 

Four  factors  would  appear  to  have  contributed  to  this  - 

-  Systems  themselves  are  becoming  more  complex,  and  more  dependent  one  upon  the 
other.  They  are  far  less  amenable  than  hitherto  to  the  "we'll  put  it  right  when  it 
goes  wrong"  approach, 

-  The  facilities  for  measuring,  recording  and  processing  data  now  provided  by  the 
instrumentation  community  are  already  extremely  powerful,  and  their  power  is  growing 
steadily . 

-  Modern  computation  has  dramatically  increased  predictive  and  analytic  capdsility , 
particularly  through  mathematical  models  and  simulation. 

-  There  is  now  greater  willingness,  partially  inspired  by  the  cost  of  flight  trial* 
to  invest  in  sophisticated  rigs  for  ground  testing. 
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Whilst  none  is  entirely  new,  these  factors  now  combine  in  supporting  a  widespread 
initiative  to  meld  all  available  contributions  from  analysis,  prediction  and  ground  test 
with  elegantly  instrumented  flight  trials  in  the  forceful  pursuit  of  more  effective  sys¬ 
tem  developments;  to  consider  from  the  outset  the  requirements  and  functioning  of  a 
system,  and  to  devise  a  coherent  and  carefully  constructed  development  process  for  it: 
in  essence,  to  bring  to  sub-system  development  the  level  of  engineering  thinking  which 
has  previously  been  largely  reserved  to  overall  aircraft  concepts.  This  trend  can  only 
be  beneficial  and  must  be  encouraged. 

A  further  general  observation  on  the  symposium  concerns  the  preponderance  of  papers  with 
a  strong  avionic  content.  Once  again  this  emphasises  the  dramatic  growth  in  aircraft 
electronics,  and  adds  force  to  the  conviction,  expressed  in  discussion,  that  whilst  air- 
vehicle  trials  will  always  remain,  the  future  flight  testing  scene  will  be  dominated  by 
avionics.  Directly  associated  with  this  development  is  the  fact  that  avionic  systems  are 
particularly  amenable  to  integration  of  instrumentation  and  the  system  itself,  especially 
through  the  medium  of  the  data-bus.  Instances  were  quoted  where  up  to  50*  of  the  total 
data  recorded  in  flight  trials  were  already  being  acquired  in  this  way.  The  interactive 
situation  so  produced  lends  further  need  to  the  carefully  considered  development  processes 
admired  earlier. 

In  final  conclusion,  the  Technical  Programme  Committee  were  encouraged  to  believe  that  the 
aims  of  the  symposium  were  substantially  met.  This  was  achieved  through  the  considerable 
efforts  of  the  authors  and  session  chairmen,  and  the  active  participation  of  the  attendees, 
all  of  whom  we  would  thank.  As  evidenced  here,  rapid  changes  are  occurring  in  the  tech¬ 
niques  of  flight  testing  and  further  symposia  in  this  field  should  be  encouraged. 


J.  F.  O’GARA 
F.  N.  STOLIKER 
Members,  Flight  Mechanics 
Panel 
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